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Abstract 

 

Non-covalent interactions govern the three-dimensional structures of molecules and are 

thus central to their function, reactivity, and spectroscopic fingerprints, but despite this pivotal 

role, remain undercharacterized. Rotational spectroscopy is an ideal tool to study the structure, 

conformational flexibility and internal dynamics of molecules and molecular clusters under 

collision-free and isolated conditions. In this thesis, rotational spectroscopy (6–24 GHz) and 

quantum chemistry calculations were used to study the effects ruling the geometric preferences of 

selected molecular systems (monomers and water complexes) with a wide range of applicability 

from biological to astrophysical interest. The studied monomers are 3-mercaptopropionic acid 

(HO(C=O)CH2CH2SH, MPA), methyl 3-mercaptopropionate (CH3O(C=O)CH2CH2SH, MP) and 

N-allylmethylamine (CH2CHCH2NHCH3, AMA) which are models for elucidating intramolecular 

interactions involving thiols and amines. Regarding the molecular aggregates, water complexes of 

AMA and non-aromatic, trimethylene sulfide (c-C3H6S) and oxide (c-C3H6O), and aromatic 

(C4H4S, thiophene) heterocycles, which are prototypes of the intermolecular interactions occurring 

in the first steps of water solvation, were investigated. In particular, the focus of this research is to 

provide accurate and detailed experimental data on the nature of non-covalent interactions 

involving oxygen, nitrogen, and sulfur and to characterize their influence on the stabilization of 

the studied molecules. The experimental measurements for these systems validated the 

computational methods employed in terms of both relative energies and molecular structures. To 

understand the underlying complex effects that drive their unusual conformational preferences, 

quantum theory of atoms in molecules, non-covalent interaction, natural bond orbital and an 

energy decomposition analysis scheme were employed. Collectively, general observations could 
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be made including drastic changes in the conformational equilibria in moving from interactions 

involving O and N to those with S and that the inclusion of water disrupts the conformational 

distribution further. Although weaker than classical hydrogen bonds (HBs), non-classical sulfur 

HBs and secondary contacts (e.g. involving C–H groups) which are longer-range and more 

dispersive in nature were proven to play a crucial role in the stabilization of both monomers and 

molecular aggregates. The results presented in this thesis lay groundwork for the improvement of 

chemical modelling tools and deepen our understanding of non-covalent interactions that are 

ubiquitous in many fields of science including molecular recognition, self-assembly and 

supramolecular chemistry. 
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Chapter 1. Introduction 

 

1.1 Conformational Analysis 

 

In the same way that human beings can respond to different biological and environmental 

stresses, molecules can vary in shape and function depending on their chemical surroundings. 

These different spatial arrangements adopted by a molecule, which arise due to rotations about its 

individual single bond(s), are known as conformational isomers or simply conformers.1 When a 

molecule exhibits conformational isomerism, it is common to observe that one geometry may be 

preferred over another usually because of interactions, either attractive or repulsive, that occur 

between the different fragments of the molecule or with the external medium (e.g. solvent 

molecules) and these interactions are responsible for the conformer stabilities.2 Interactions 

occurring within the same molecule and in between two distinct binding partners are generally 

referred as intramolecular and intermolecular interactions, respectively. The detailed study of 

determining the conformers of a molecular system, their energies and the steric and/or electronic 

effects governing their stabilities is known as conformational analysis. 

The study of conformational analysis began in the middle of the 20th century with the 

pioneering works of Barton and Hassel whose contributions to the development of the concept of 

conformation and its application in chemistry were recognized in 1969 as a shared Nobel Prize 

award.3 In particular, in 1950 in a publication entitled “The conformation of the steroid nucleus”,4 

using previous concepts from electron diffraction studies on cyclohexane derivatives reported by 

Hassel,5,6 Barton showed that biologically active steroid molecules adopt a preferred conformation 

and that the chemical and physical properties of these molecules could be interpreted as a result of 
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the favoured geometry. It thus became clear that the geometries of molecules have a great impact 

on their configuration, reactivity and spectroscopic behaviour and the knowledge of molecular 

structures is fundamental to many fields of science including spectroscopy, materials design, 

organic synthesis and biochemistry.2,7–9  

Practically, insights on the geometries of molecules can be obtained using a variety of 

spectroscopic techniques including rotational, infrared, Raman, ultraviolet-visible (UV-vis) and 

nuclear magnetic resonance (NMR) spectroscopy.2,10 Whether the measured spectroscopic 

parameters (e.g. frequencies) are characteristic of each individual conformer or represent averages 

over all possible geometries of a molecule will depend on the timescale of the technique in 

comparison to that related to the conformational change which is usually dictated by the energy 

barriers of interconversion.2 Among the different spectroscopic methods used for conformational 

analysis purposes, microwave or rotational spectroscopy has proven to be a powerful technique to 

determine accurate molecular structures in the gas phase as it offers a direct structural connection 

through the rotational moments of inertia.9 As each conformer has a unique geometry, each will 

have its own fingerprints in the rotational spectrum. Although rotational spectroscopy has 

traditionally been focused on the study of small molecules, since the development of the 

microwave broadband spectroscopy by Pate and co-workers in 2008,11 the number of complex 

systems investigated by rotational spectroscopy has increased drastically. Examples include the 

rich conformational landscapes of monomers, such as citronellal12 and perillyl alcohol13, and 

molecular complexes, such as the limonene monohydrate14 and the tetrahydro-2-furoic acid 

dimer.15 In particular, in the citronellal study,12 spectral features related to the rotational energies 

of a surprising 15 individual conformers were observed. 
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In addition to advanced experimental methods, with the recent developments in hardware 

and computational capabilities, quantum mechanical calculations have become crucial to guide the 

assignments of complex molecular spectra in order to unveil the effects responsible for the 

observed conformational preferences. Thus, an interplay between experiment and theory is key to 

the success of conformational analysis studies. Even for the very simple case of ethane, for 

example, there has been some controversy in the literature of the reasons behind the larger stability 

of its staggered over the eclipsed form (Figure 1.1). While classical explanations attributed the 

lower energy of the staggered form to the presence of steric repulsion between the electrons of the 

C–H bonds in the eclipsed configuration, it has also been suggested that rotation-induced 

weakening of the central C–C bond and favourable orbital interactions σC–H → σ*C–H between the 

C–H orbitals in the staggered form, also known as hyperconjugation, contribute to the relative 

energy ordering.16 

 

 

Figure 1.1 Staggered and eclipsed conformations of ethane. The orbital interaction σCH → σ*CH 

that stabilizes the staggered form is highlighted. 
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As for ethane, a variety of stabilizing and destabilizing effects (and combination of those) 

rule the stability of many molecular systems. In the next section, a brief introduction to some 

effects that stabilize molecules, namely non-covalent interactions, will be provided. It is worth 

noting that non-covalent interactions comprise a range of intra- and intermolecular forces with a 

diversity of strength and characteristics, but only those relevant for the understanding of this thesis 

will be presented.  

 

1.2 Non-Covalent Interactions 

 

Stabilizing non-covalent interactions comprise a collection of phenomena that attract 

molecules or ions toward one another.10 As stated by its very name, it excludes the strong covalent 

bonds that hold the atoms within a molecule together. Non-covalent forces are ubiquitous in nature 

and include, for example, the chemical interactions between a protein and a drug, a catalyst and a 

substrate, the Coulombic attraction between ions of opposite charges and the very small forces 

forming weakly bound complexes with noble gases.7,9,10 This class of interactions include a wide 

range of contacts with distinct structural and energetic parameters and spans from the relatively 

strong classical hydrogen bonds to non-classical weak interactions such as the halogen,17 

chalcogen,18 pnictogen19,20 and tetrel bond,20 among others. These latter interactions were 

experimentally proven to drive the geometries of many chemical systems and are now recognized 

by the International Union of Pure and Applied Chemistry (IUPAC). 
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1.2.1 Classical Hydrogen Bond 

 

Hydrogen bonding (HB) is one of the most important attractive interactions responsible for 

the three-dimensional structures of molecules.8,21,22 After the introduction of the HB concept in 

1920 as the “hydrogen nucleus held between two atoms”,22 many research studies have focused 

on unveiling the structures of molecules which could be explained by the presence of HB 

interactions. Approximately thirty years later, during the early developments of crystallography in 

the 1950s, the double helix DNA structure23 as well as the α-helix24 and β-sheet25 structures of 

proteins were shown to be due to HB interactions and this remarkable finding constituted a 

significant milestone at the time.21 Since then, HB concepts were applied to several fields of 

science including molecular recognition, catalysis, self-assembly and supramolecular 

chemistry.8,21  

A HB interaction is represented as X–H…Y in which X and Y are usually electronegative 

atoms defined as the HB donor and HB acceptor, respectively. The HB may be viewed as a donor–

acceptor orbital interaction where a lone pair of electrons from the atom Y is donated into the 

antibonding σ* X–H orbital. As the strength of a HB will depend on the intrinsic abilities of the 

donor and acceptor orbitals, it is generally recognized that the larger the electronegativity of the X 

and Y atoms, the stronger the HB will be and thus, the HB distance (H…Y) is smaller. When 

comparing the O–H…N and N–H…N HBs, for example, as O (3.5) is more electronegative than N 

(3.0), the antibonding σ* O–H orbital has a larger coefficient on the electropositive H atom 

increasing the orbital interaction with the electron donor N. In the same way, as O is more 

electronegative, the H atom of the O–H bond will be more positively charged which also increases 

the dipole–dipole interaction with the N atom. These two reasons explain why the O–H…N 
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interaction is stronger than N–H…N. It is important to note, however, that the strength of a HB 

does not solely rely on electronegativities but also depend on orbital overlap, directionality and 

the energy of the donor and acceptor orbitals.  

Although the classical picture of a HB involves highly electronegative atoms such as F, O, 

and N, it soon became clear that X and Y do not always have to be electronegative atoms as long 

as attractive interactions could be established in between the H and the Y atom (δ-X–Hδ+…Yδ-).21 

Thus, there are many other important non-classical HBs such as those involving less 

electronegative atoms as the chalcogens S and Se, the so-called sulfur centered HBs (SCHBs), and 

non-typical groups such as aliphatic donors (C–H…Y) and π-acceptors (X–H…π).10,21 Although 

these non-classical interactions may be weaker in strength, they have been shown to be key to the 

stabilization of many systems.10,21,26 Below, a brief description of the non-classical interactions 

observed in this thesis is provided. 

 

1.2.2 Non-Classical Hydrogen Bonds 

 

While HBs formed with O (3.5) and N (3.0) have been more widely studied, weaker 

contacts, such as sulfur HBs, have been dismissed as weak and dispersive in nature due to the 

lower electronegativity of S (2.6).10,27–29 However, S has been shown to form a variety of HBs 

acting as both acceptor (as O–H…S, N–H…S) and donor (as S–H…O, S–H…S, S–H…π) and these 

HBs can be as strong as conventional HBs.9,10 Examples include the amide N–H…S HB found in 

cysteine and methionine containing peptides which was shown to be as strong as the interaction 

formed with its O counterpart and also the C–H…S interaction recently proved to have a binding 

energy comparable to that found for O–H…S and slightly smaller than that of  O–H…O.27,29,30 In 
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fact, this type of interaction is ubiquitous in biological environments,27 but when it comes to the 

analysis and identification of sulfur HBs in protein and crystal structure databases, many structural 

searches result in incorrect and/or incomplete interpretations.29 This is because the codes are 

parameterized using geometric information from traditional HBs such as those formed with O and 

N (e.g. HB distances up to 2.4 Å) and sulfur interactions have unique geometric parameters such 

as distances as long as 2.8 Å.  The tendency to overlook the importance of these interactions in 

biology can quite simply be a consequence of outdated criteria in the prediction and detection tools 

for describing non-conventional HBs.  

It is therefore of great interest to study interactions involving sulfur containing compounds 

in isolation so that a deeper knowledge about their geometric characteristics, nature and strength 

could be achieved to overcome the lack of experimental data. Although significant progress on 

classical HBs has been achieved through crystallography, in the last decade, most advancements 

in the description of sulfur HBs were achieved using gas phase techniques such as IR-UV double 

resonance and rotational spectroscopy.10,27 These techniques have the advantage of working in a 

collision-free environment in isolation of solvent and crystal packing effects. As recently reviewed 

by Biswal,31 many more systems still need to be studied in order to better understand the many 

facets of sulfur HBs.  

Apart from interactions involving less electronegative atoms such as S and Se, non-

covalent interactions of the type C–H…Y and X–H…π have also proven important.21 The C–H bond 

acts as a HB donor and this group can be activated by other atoms or groups bound to it to promote 

ionization or partial ionization of the H atom making it susceptible to interact with other HB 

acceptors. Although weaker, the C–H…O interaction, for example, has been shown to contribute 

to the stabilization of molecular complexes formed with cyclic structures and many other 
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systems.21,32 On the other hand, π-bonds are electron rich and can replace the electronegative atoms 

F, O and N as HB acceptors. A typical example is the complex between benzene and water formed 

by a O–H…π HB.33 

 

1.3 Outline 

 

In this thesis, the conformational landscape of prototypical monomers and molecular 

aggregates (water complexes) are investigated using rotational spectroscopy in the microwave 

region aided by quantum chemistry calculations. The focus of the work presented here is to 

elucidate the system’s most stable geometries as well as the stereoelectronic effects governing 

their conformational preferences at the molecular level. Insights on molecular geometries, internal 

dynamics, microsolvation (for the water complexes), and on the parameters associated with the 

non-covalent interactions are of particular interest.  

A description of rotational spectroscopy and the two microwave spectrometers used to 

collect the spectra reported in the thesis is provided in Chapter 2. In Chapter 3, an introduction to 

the computational methods used, that are essential to predict the molecule’s geometries and 

relative energies to guide the spectral assignments and investigate the stereoelectronic effects 

behind the stability of the observed conformers, is given.  

Next, Chapter 4 (mercaptopropionic acid, MPA) and Chapter 5 (methyl 

3-mercaptopropionate, MP) report on the study of two model sulfur containing compounds 

featuring an intramolecular S–H…O=C HB which is a biologically relevant interaction that has not 

been studied in detail before. In Chapter 4 and Chapter 5, the sulfur HB is shown to be dominant 

in stabilizing the global minimum geometry of MPA and MP as confirmed by the spectral 
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assignments. With experimental information from the singly substituted 13C and 34S minor isotopic 

species of MP (Chapter 5), the geometric parameters associated with the sulfur HB were derived 

providing experimental evidence for the HB distance and angle. Those are then compared with 

literature data available for its oxygen counterpart and discussed in detail. 

While one way to study interactions is to evaluate their presence in monomer structures as 

done in Chapter 4 and Chapter 5, another important alternative is to study the nature, strength, and 

geometric parameters of HBs in molecular aggregates. The advantage is that the interaction energy 

between the monomers that form the complexes can be decomposed computationally into four 

physically meaningful components (electrostatic, dispersion, induction, and exchange-repulsion) 

revealing the nature of the interaction. It is usually of interest to compare the binding characteristics 

in series of analogous clusters to determine the influence of different groups in the interaction 

energies (e.g. effect of O to S chalcogen substitution). In this sense, in the remaining chapters, the 

attention of the thesis is turned to the investigation of weakly bound complexes, in particular water 

clusters.  

In Chapter 6, the microsolvation of the four-membered rings trimethylene oxide (TMO) 

and sulfide (TMS) with one and two water molecules is reported. A strong preference for water to 

bind primarily to the heteroatoms S and O is revealed, but also secondary contacts are observed 

and discussed to be important for the stabilization of the systems, especially for the dihydrates. 

Additionally, the influence of water in the ring structures is analyzed as these rings are flexible 

and undergo large amplitude motions which can result in different binding characteristics with a 

partner molecule.  

Following this, in Chapter 7, the thiophene–water complex is investigated to evaluate the 

large amplitude motions and the preferred binding sites of water in an aromatic ring that contains 
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both the S atom and the π-electron cloud. The thiophene–water complex is shown to be very 

dynamic with its ground state structure being highly averaged over a barrierless rocking motion of 

water which interconverts two equivalent forms of the global minimum geometry. To provide 

insights on the position of the water subunit within the complex, observation of transitions 

corresponding to the singly substituted 18O minor isotopologues were crucial. With an 

understanding of the large amplitude motions and molecular structure, the non-covalent 

interactions stabilizing the complex were analyzed and while the absence of the π-electrons favours 

interactions directly with S, as in TMS–w (Chapter 6), in thiophene–water, the water molecule 

prefers to bind first to the aromatic ring via an O–H…π HB, with the S…H–O contact playing a 

secondary role. This result is surprisingly different to what has been previously reported for the 

oxygen and nitrogen counterparts of thiophene. The reasons behind the differences in the 

molecular geometries of these complexes are discussed in detail in Chapter 7. 

Chapter 8 and Chapter 9 report on the conformational study of an amine containing 

compound, N-allylmethylamine (AMA), and its monohydrated complex, respectively. The 

interaction between AMA and water is essential to model the role of the N atom of amines as a 

HB donor. However, as the monomer had not been studied before, it was essential to first 

understand its rotational fingerprints (Chapter 8) prior to investigating its water complex. The 

AMA monomer showed a surprisingly rich conformational landscape featuring four geometries 

experimentally which are stabilized by a subtle balance of attractive and repulsive forces. Upon 

introduction of a water molecule (Chapter 9), the complexes are shown to be stabilized by both 

N…H–O and C–H…O HBs. This work also allowed the evaluation of the effect of water in the 

conformational landscape of AMA in that water was shown to alter the equilibrium of AMA to 

some extent with the effects being more pronounced for the higher energy conformations. Finally, 
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Chapter 10 provides summary of the key findings of the thesis, the impact of the results presented 

and how this research could be further extended.  
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Chapter 2. Microwave Rotational Spectroscopy 

 

Microwave spectroscopy measures the rotational transitions of gaseous molecules in the 

cm-wave region of the electromagnetic spectrum.1,2 The main selection rule for microwave 

spectroscopy is that only species that have a permanent electric dipole moment exhibit a 

microwave (or pure rotational) spectrum. When the molecular spectrum is recorded, a collection 

of lines, corresponding to transition frequencies associated with energy differences between 

rotational energy levels, are observed. By analyzing the rotational fingerprints in detail, accurate 

spectroscopic parameters such as rotational and centrifugal distortion constants can be determined 

whose interpretation leads to key insights about the studied molecular systems. Since rotational 

constants are inversely proportional to the molecular moments of inertia, microwave spectroscopy 

is a powerful technique to determine experimental molecular structures and to identify the different 

conformers of flexible molecules and molecular aggregates in the gas phase. Occasionally, 

observed spectral transitions exhibit splitting patterns as a consequence of intrinsic molecular 

dynamics or interactions within the molecules. Analysis of these patterns leads to additional 

detailed information about energy barriers to internal motions and the local environment 

surrounding a quadrupolar nucleus (I > 1/2, for example), respectively. Laboratory rotational 

spectroscopic studies are also important to assist in the discovery of molecules in interstellar space 

since they are often identified by their rotational patterns in the cm or mm-wave spectrum collected 

from different astronomical sources.    

Although the microwave radiation corresponds to a frequency range in between 3–300 

GHz, in this thesis, the rotational spectra of the studied molecular systems were investigated from 

4–26 GHz which is the frequency range in which the two custom-built Fourier transform 
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microwave (FTMW) spectrometers available at the University of Manitoba operate. In this Chapter 

2, theoretical descriptions of rotational spectroscopy and the microwave instrumentation, 

necessary for understanding of the data presented in this thesis, is provided.  

 

2.1 Principles of Rotational Spectroscopy 

 

This following section was written based on three textbooks3–5 on molecular and rotational 

spectroscopy. The reader interested in more detailed information can refer to these references. 

  

2.1.1 Rigid Rotor Approximation  

 

The theoretical principles of many molecular spectroscopic techniques arise from obtaining 

the quantized energy levels of the molecular system by solving the time-independent Schrödinger 

equation from quantum mechanics, 

 "#Ψ = &Ψ, (2-1) 

in which "# is the Hamiltonian operator, Ψ is the eigenfunction and & is the corresponding energy 

eigenvalue of the quantum system. For the rotation of molecules in their electronic and vibrational 

ground states, the operator in Equation (2-1) is known as the rotational Hamiltonian operator. 

Considering the simple case for the rotation of a rigid linear molecule, in which the bond lengths 

interconnecting the atoms are considered fixed and internal vibrations are excluded, the rotational 

Hamiltonian operator can be expressed using the rigid rotor approximation model from classical 

mechanics as 
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In equation (2-2), -. is the total rotational angular momentum operator defined by the sum 

of its components -.! + -.# + -.$ = )!*! + )#*# + )$*$ and ) is the moment of inertia tensor. )!,	)# 

and 	)$  and *! , *#  and *$  are the moments of inertia and angular velocity components, 

respectively, associated with the three mutually perpendicular axes (known as a, b and c) 

composing the principal inertial axis system located at the center of mass of the rotating body. The 

moment of inertia associated with each rotating axis ()! ,	)#  or	)$ ) can be further described as 

∑ 0%1%% , in which 0% is the atomic mass and 1% is the internuclear distance between an atom 2	from 

that specific rotating axis. In a molecule, the classification of the axes in the principal axis system 

follows a labeling scheme to satisfy the )! ≤ )# ≤ )$ relationship. This means that the a-axis, with 

the smallest moment of inertia )!, will always be closer to the heaviest atoms of the molecular 

system. Based on symmetry and on the components of the moment of inertia, molecules are 

classified into four different categories: 

1. Linear molecules ()! = 0, )# = )$) such as HCN. 

2. Spherical tops ()! =	 )# = )$) such as SF6. 

3. Symmetric tops ( )! <	 )# = )$ for a prolate top such as CH3Cl and )! =	 )# < )$ for an 

oblate top such as BF3). 
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4. Asymmetric tops ()! <	 )# < )$) such as H2O. Asymmetric top molecules can also be 

classified as near prolate and near oblate if )! <	 )# ≈ )$  and )! ≈	 )# < )$ , 

respectively. 

All molecular systems studied in this thesis are asymmetric top rotors where the three 

principal moments of inertia are different and non-zero. With the classification of molecules 

introduced, we can now look at the possible solutions of the Schrödinger equation (2-1) for each 

case which will lead to insights on their rotational energy levels. 

 

2.1.2 The Simplest Case: The Rigid Diatomic Molecule 

 

Starting with the simple case of a rigid linear molecule, in which )! = 0	and )# = )$, by 

including the rotational Hamiltonian operator from equation (2-2) into the Schrödinger equation 

(2-1), the energy eigenvalue of the rotational energy levels, represented by its term value F(J) can 

be obtained as 

 8(-) =
ℎ"

8=")#
-(- + 1) = >-(- + 1) (2-3) 

in which ℎ is Planck’s constant, )#	is the moment of inertia along the b-axis defined above, J is the 

rotational quantum number, which can assume any positive integer value starting from zero and is 

used to label the different rotational energy levels, and B= ( &!
'(!)"

) is known as the rotational 

constant (in Joules) associated with the principal b-axis. Note that since in a linear molecule )# and 

)$ are equal, only one unique rotational constant is needed to describe the molecular energy levels. 

By convention, the representations following those of the principal b-axis are used. In 
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spectroscopy, rotational constants are usually reported in units of frequency (in MHz) for 

simplicity, following the equation:   

 >(MHz) =
>(Joules)

ℎ
=

ℎ
8=")#

× 10*+ (2-4) 

From equation (2-4), the inversely proportional relationship between the rotational 

constant and the moment of inertia is mathematically shown which indicates that the rotational 

energy levels and consequently the rotational transition frequencies (introduced in detail below) 

are sensitive to the molecular geometry. This means that each molecular species (molecules, 

isotopes, conformers), which has distinct moments of inertia, will have a unique rotational 

fingerprint. When a rotational spectrum is recorded, the observed frequency (or line position) for 

a given transition is a result of the energy difference between a lower (represented by the quantum 

number J” or simply J) and an upper (represented by the quantum number J’ or J+1) energy level 

which follows the ΔJ= ±1 selection rule. The transition frequency (J) is given by: 

 J,-→," = 8(--) − 8(-") = 2>(- + 1) (2-5) 

For the rigid linear molecule, equation (2-5) shows that the first transition (written as 

emission here) with J’→J” = 1→0 occurs at 2B and the subsequent transitions are spaced out by 

multiples of 2B. The transitions 2→1 and 3→2, for example, will have frequencies corresponding 

to 4B and 6B, respectively. Since the transition frequencies can be measured experimentally and 

the J quantum numbers are known, the rotational constant B can be determined which is related to 

the molecular geometry through the moment of inertia as shown in equation (2-4). The intensity 

of the rotational transitions—for any molecular system not only for rigid linear molecules—is 

proportional to both the magnitude of the electric dipole moment components, and to the 

population of the rotational energy levels. This principle is also valid for the study of molecules 

containing several conformers in which the dominant species in the spectrum often resembles the 
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pattern of the most populated conformer or those possessing the largest dipole moment 

components along any of the three principal inertial axes (a, b and c). 

 

2.1.3 Symmetric and Asymmetric Top Molecules 

 

While in a linear molecule such as the rigid diatomic rotor (2.1.2), there is only one unique 

(non-zero) moment of inertia related to the angular momentum and energy for rotation about the 

b-axis (by convention), in a symmetric top, two terms are needed in the Hamiltonian operator: Ia 

and Ib (prolate) or Ib and Ic (oblate). The solutions to the Schrödinger equation are a set of functions 

that depend on the total rotational angular momentum (quantum number J) and its projection 

(quantum K) onto the highest symmetry axis. To simplify the notation, it is common to provide a 

subscript on K to distinguish whether the top is prolate (Ka) or oblate (Kc) in the term value 

equations that define the energy levels of symmetric top molecules: 

8(-, M) = >-(- + 1) + (N − >)M!
"  prolate (2-6) 

8(-, M) = >-(- + 1) + (O − >)M$
" oblate (2-7) 

The new quantum number K may take values K = 0, 1, 2, … , J. Since K cannot be greater 

than J, all levels with K > 0 are two-fold degenerate which can be interpreted as a consequence of 

the energy associated with a clockwise and a counter-clockwise rotation about an axis being the 

same. For K = 0, there is no K-degeneracy since there is no angular momentum about the a- or c-

axis. In order for rotational transitions to be allowed in a symmetric rotor, in addition to the 

presence of a permanent dipole moment and ΔJ= ±1, the ΔK= 0 selection rule must be satisfied. 

It is interesting to note that as N ≥ > ≥ O (since )! ≤ )# ≤ )$) by definition, the energy levels with 
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a specific J rotational quantum number will increase in energy with an increase in the K values in 

a prolate top (2-6), while they will decrease in energy in an oblate top molecule (2-7). The 

transition frequency expression for a symmetric top molecule is similar to the rigid linear rotor 

case as 

 J,-,1→,",1 = 8(--, M) − 8(-", M) = 2>(- + 1). (2-8) 

As there are no exact solutions to describe the rotational energy levels of asymmetric tops 

()! ≠	 )# ≠ )$), the analysis of their rotational spectra is based on solutions obtained for the prolate 

and oblate symmetric top limits. The rotational energy level diagram for an asymmetric top 

molecule is shown in Figure 2.1. The energy states are identified using the J rotational quantum 

number followed by the two labels Ka and Kc from the prolate and oblate limits, respectively, so 

that each level is identified as JKaKc.  

 The selection rule ΔJ= 0, ±1 is valid for an asymmetric molecule, but since there are now 

three non-equivalent rotation axes (a, b and c) along which three components of the dipole moment 

exist (μa, μb and μc), transitions corresponding to each of these axes, known as a-, b- and c-type 

transitions, follow additional selection rules associated with the Ka and Kc labels: 

1. a-type transitions (μa≠ 0): ΔKa = 0 (±2, ±4, …) and ΔKc = ±1 (±3, ±5, …). 

2. b-type transitions (μb≠ 0): ΔKa = ±1 (±3, ±5, …) and ΔKc = ±1 (±3, ±5, …). 

3. c-type transitions (μc≠ 0): ΔKa = ±1 (±3, ±5, …) and ΔKc = 0 (±2, ±4, …). 

Examples of a- (J’Ka’Kc’ → J”Ka”Kc” = 101 → 000), b- (111 → 000) and c-type (110 → 000)  

transitions are provided in Figure 2.1. The transitions can be identified by the red, blue and green 

arrows, respectively, in the center of the energy level diagram.  
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Figure 2.1 Energy level diagram for an asymmetric top (center) originated by combining solutions 

for the prolate (left) and oblate (right) top limits. A sample of a-, b- and c-type rotational transitions 

(shown as emission) between the energy levels with J’= 1 and J”= 0 are depicted in red, blue and 

green, respectively. The energy level spacings are not to scale in this representation.  

 

It is important to highlight that asymmetric top molecules do not always display the three 

types of transitions in the rotational spectrum since for some molecules, the dipole component 

along a specific axis may be zero, or close to zero. As long as one of the three dipole components 

is non-zero, the molecule can have a rotational spectrum. Also, the stronger the dipole component 

along a given axis, the more likely that transitions related to that rotational axis will dominate the 

rotational spectrum.  
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2.1.4 Centrifugal Distortion 

 

While the rigid rotor model is a good approximation to describe rigid molecules and, in 

particular, energy levels with low J rotational quantum numbers, in reality, molecules are not rigid 

bodies. When a diatomic molecule rotates, for example, distortions in the internuclear atomic 

distances occur as a consequence of centrifugal forces. Centrifugal distortion becomes more 

evident at higher energy levels in which the atomic distances increase as the speed of rotation 

increases. This results in a decrease in the energy difference between the rotational states as J 

increases. As a result, correction terms need to be included in the rotational energy level equations 

to account for distortion effects. For a diatomic molecule, for example, equation (2-3) becomes 

 8(-) = >-(- + 1) − S-"(- + 1)" (2-9) 

in which D is known as the centrifugal distortion constant which is related to the vibrational 

frequency ω within the harmonic oscillator approximation: 

 S =
4>2

*"  (2-10) 

Accordingly, the expression for the frequency (J) of a given transition is 

 J,34→, = 8(--) − 8(-") = 2>(- + 1) − 4D(J + 1)2 (2-11) 

The distortion constant D is always positive for a diatomic molecule and, considering 

equation (2-9), the term value F(J) decreases with any non-zero value of D which results in the 

decrease of the energy gap between high J rotational energy levels. Consequently, the transition 

frequency also decreases by increasing J as given by the expression in equation (2-11). For non-

diatomic molecules, such as the asymmetric top molecules studied in this thesis, additional 

centrifugal distortion constants are needed to account for all bond and angular distortions. 

Generally, five quartic centrifugal distortion constants (DJ, DJK, DK, d1 and d2) for example from 
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one sample Hamiltonian,6 are sufficient to describe distortions in the systems studied in the 

frequency range used in this work. If needed, higher order terms such as sextic or octic distortion 

constants can be included and those are usually necessary in studies in higher frequency regions 

of the electromagnetic spectrum where transitions with higher J quantum numbers are observed. 

 

2.2 Perturbations in the Rotational Spectrum 

 

Spectral rotational transitions often show splitting patterns, also known as fine structure, 

as a consequence of large amplitude internal motions associated with the interconversion between 

equivalent configurations of the molecule. Typical examples of large amplitude motions include 

the inversion umbrella motion in ammonia (NH3)7 and internal rotations of the methyl group in 

many organic molecules. These motions lead to splittings of the rotational energy levels and 

consequently, fine structure related to quantum mechanical tunneling is observed in the rotational 

spectrum. Generally, the smaller the size of the spectral splitting, the higher is the energy barrier 

to the corresponding internal motion. By employing the use of appropriate effective Hamiltonians, 

the spectral splittings can be analyzed and important parameters related to the internal motion can 

be derived such as energy barriers for interconversion.2 In this thesis, tunneling splittings 

associated with methyl internal rotation, torsion of the thiol (SH) group and internal dynamics of 

water (among others) have been observed and will be discussed in detail in the specific chapters. 

Apart from fine structure, rotational transitions may also show hyperfine splittings as a result of 

magnetic or electric interactions. A typical example is the nuclear quadrupole hyperfine structure 

which is observed for molecules containing a quadrupolar nucleus such as N-allylmethylamine 
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(Chapter 8) that contains a 14N nucleus. In the next section, a brief description on nuclear 

quadrupole hyperfine splittings is provided. 

 

2.3 Nuclear Quadrupole Hyperfine Splitting 

 

The presence of an atom with a nuclear spin higher than ½ in a molecule leads to a 

characteristic splitting in the molecular rotational spectrum, known as nuclear quadrupole 

hyperfine structure. For the systems of this thesis, hyperfine splittings were observed in the 

spectrum of molecules containing nitrogen as mentioned above. This is because the most naturally 

abundant nitrogen isotope is the 14N nucleus with a nuclear spin I = 1 giving rise to a non-spherical 

distribution of the nuclear charge which interacts with the electric field gradient generated by the 

surrounding electrons at the site of the nucleus. The nuclear spin angular momentum of the 14N 

nucleus couples with the rotational angular momentum resulting in the splitting of the rotational 

energy levels. To describe the energy states for molecules containing a quadrupolar nucleus, an 

additional quantum number F is necessary. For a molecule with one quadrupolar nucleus, such as 

the compounds studied here, the quantum number F can adopt values of J + I, J + I – 1, J + I – 2, 

... , | J – I |. The selection rules for hyperfine transitions are ΔF = 0, ±1. The JKaKc = 202 energy 

level of an asymmetric molecule, for example, containing a quadrupolar 14N nucleus will split into 

three energy levels with F quantum numbers of 1, 2 and 3. Thus, the energy levels are now labeled 

as JKaKc F. 
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2.4 Fourier Transform Microwave (FTMW) Spectroscopy Instrumentation 

 

Once a theoretical description of the rotational energy levels and selection rules for dipole-

allowed rotational transitions is introduced, it is now time to understand how the rotational 

spectrum is collected in the laboratory. Two custom-built Fourier transform microwave (FTMW) 

spectrometers, available at the University of Manitoba in the van Wijngaarden research group, 

were used to record the pure rotational spectra presented in this thesis. The instruments are the 

narrowband cavity-based Balle-Flygare (BF) type FTMW and the broadband chirped-pulse (CP) 

FTMW spectrometer, both of which have been described in detail previously.8,9 Both instruments 

have some overlap in the underlying operational principle, however, instrumental differences in 

the microwave excitation and detection scheme in particular provide each of them with unique 

features that when combined become a powerful tool to prove the electronic structure of a range 

of molecular systems. These will be described in detail below. 

The workflow in a typical MW spectroscopy project involves first the collection of a 

broadband CP-FTMW spectrum (usually from 8 to 18 GHz) to make preliminary assignations to 

transitions belonging to the different molecular species of the system. Once the frequencies of the 

most intense rotational transitions are known, final measurements are performed using the BF-

FTMW instrument (from 4–26 GHz), which features higher resolution and sensitivity, to measure 

a broader range of transitions including those from minor isotopologues. The high resolution of 

the cavity-based BF instrument also allows narrow splittings such as those associated with the 14N 

hyperfine structure and tunneling motions from internal dynamics to be completely resolved.  
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2.4.1 Sample Preparation and Injection 

 

In both BF-FTMW and CP-FTMW experiments, the molecular targets are probed in the 

gas phase inside a high vacuum chamber (P ~ 10-7 kPa). For injection inside the chamber, a gas 

mixture containing a small amount of the sample (<1%) in an inert buffer gas, such as neon, helium 

or argon (stagnation pressure of ~100 kPa) needs to be prepared first at room temperature. The 

compounds studied in this thesis are all liquids at room temperature. For volatile samples with 

high vapour pressure and low boiling points, such as trimethylene oxide and sulfide (Chapter 6), 

thiophene (Chapter 7) and N-allylmethylamine (Chapter 8), their vapours can be directly collected 

in a gas cylinder and mixed with the buffer gas. For non-volatile compounds with relatively low 

vapour pressure and high boiling points, such as 3-mercaptopropionic acid (Chapter 4) and methyl 

3-mercaptopropionate (Chapter 5), an aliquot of the liquid is transferred to a glass bubbler through 

which the inert gas can be passed through serving as a carrier to deliver the sample into the 

spectrometers. For the formation of water adducts, the mixture containing the monomer sample 

and the inert gas is bubbled through an additional reservoir containing water external to the 

chamber. 

The expansion of the gas mixture into the high vacuum chambers of the instruments via a 

pulsed solenoid valve (circular orifice of 1 mm diameter) results in an isolated collision-free 

environment, known as the molecular beam or supersonic jet, where the sample is cooled down to 

a rotational temperature of a few Kelvin due to collisions of the molecules with the inert gas at the 

beginning of the expansion.10,11 The low temperature of the molecular beam increases the 

population of the lowest rotational energy states and consequently, the spectrum in the jet is 

simplified in comparison to that collected at room temperature. In the latter, many states are usually 
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populated allowing even rotational transitions within vibrationally excited states to be observed. 

Peak broadening due to collisions is also decreased in the jet since the molecules are travelling in 

the same direction with the same velocity without further collision.12 

 

2.4.2 Chirped-Pulse FTMW Spectrometer 

 

The broadband CP-FTMW spectrometer works in the range of 8–18 GHz and follows the 

design of the first broadband microwave spectrometer developed by Professor Brooks Pate and 

co-workers13 in 2008. The main advantage of the CP-FTMW instrument (Figure 2.2) is the use of 

microwave radiation from a microwave synthesizer coupled with a rapid linear frequency sweep 

(or chirp) generated by an arbitrary waveform generator (AWG) that allows the simultaneous 

excitation of transitions up to a 6 GHz frequency window in a single data acquisition. For the 

purpose of this thesis, most of the broadband spectra were collected in segments of 2 GHz each in 

which the chirped pulse sweeps through ±1 GHz (JW) from a selected center frequency (Jo) in 1–

5 μs. The resulting excitation chirped pulse is amplified by a 20 W solid state amplifier before it 

is introduced into the chamber to provide sufficient excitation power in the absence of the resonant 

cavity. After the gas sample is inserted into the chamber by a pulsed nozzle which in this 

instrument is perpendicular to the excitation and detection axis, the chirped microwave pulse is 

broadcast in the sample cell by a high gain horn antenna to polarize the sample. Following 

polarization, the rotational frequencies corresponding to all transitions excited in the range of the 

chirp (Jo	±	JW) is received by a second horn antenna located on the opposite side of the chamber. 

The broadband molecular signal can also be phase coherently averaged over several hours in a CP-

FTMW experiment, usually collecting millions of FIDs (free induction decay), to improve the 
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quality of the spectrum. For the CP-FTMW experiments performed in this thesis, 25 FIDs were 

collected and averaged during each gas pulse (~1000 μs). Each FID event involves a microwave 

pulse (~ 1–5 μs) and the FID detection for ~16 μs. Typical linewidths in the spectrum can vary 

from ~150–200 kHz (FWHM, full width at half maximum). The experimental repetition rate is ~7 

kHz and is limited by the signal digitization and/or vacuum throughput. A sample of a broadband 

CP-FTMW spectrum displaying many rotational transitions at once in the frequency range from 9 

to 11 GHz (10 GHz ±1 GHz) is given in the bottom of Figure 2.2.  
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Figure 2.2 A simplified scheme of main events occurring during a broadband CP-FTMW 

experiment. The reader interested in the details of the excitation and detection can refer to the 

original manuscript in reference 9. 

 

Although the CP-FTMW spectrometer facilitated the rapid collection of a broad spectrum 

over a large frequency window as described above, the absence of a resonant cavity sacrificed 

resolution and sensitivity. As the linewidth of the transitions in the CP-FTMW spectrum (~150–

200 kHz) is much larger than that in the cavity BF-FTMW spectrum (~7 kHz), spectral splittings 

such as those from internal motions are often not resolvable in the broadband spectrum. That is 

the reason for using the CP-FTMW spectrum as a survey for preliminary assignments that guide 



 
 

31 

further measurements of transitions with higher resolution and sensitivity using the BF-FTMW 

instrument. 

 

2.4.3 Cavity-Based Balle-Flygare FTMW Spectrometer 

 

The cavity-based FTMW spectrometer works in the frequency range of 4–26 GHz and 

largely follows the design described by Grabow and Stahl14 which is a modification of the first 

Balle-Flygare instrument described in 1981.15 The instrument is used to collect individual 

rotational transitions in a frequency window of typically 1 MHz or less. A schematic of the 

instrumental setup is provided in Figure 2.3. Two 36 cm diameter concave aluminum mirrors (one 

movable and one stationary) comprise a Fabry-Pérot cavity which is built inside the 300 L stainless 

steel high vacuum chamber. The chamber is evacuated by a large diffusion pump and backed by a 

rotary pump during the experiments so that the background pressure inside the chamber is always 

on the order of 10-7 kPa. To collect the spectrum corresponding to a specific transition, the cavity 

needs to be physically tuned to the corresponding frequency (target molecular resonance) by 

moving the tunable mirror with the help of a servo motor installed behind it. Since the resonant 

cavity serves as a trap for the microwave field, transitions can be collected with very high 

resolution (linewidth of 7 kHz FWHM) and sensitivity (improved signal-to-noise ratio).  

The pulsed nozzle is mounted near the center of the movable mirror and is responsible for 

introducing the gaseous sample inside the cavity. The gas pulse has a typical duration of ~1000 

μs. Once the sample is delivered into the cavity, a microwave excitation pulse (1–5 μs duration), 

produced by a switch that gates the continuous wave radiation output from a radiofrequency and a 

microwave synthesizer, is provided by a L-shape wire hook antenna also located in the tunable 
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mirror as shown in Figure 2.3. The molecules interact with the excitation pulse which causes the 

dipole moments of the molecular targets to align (assuming the cavity is tuned to a molecular 

resonance) resulting in a rotating macroscopic polarization of the sample. After the excitation, the 

transient emission produced by the resultant oscillation of the dipole moment of the ensemble in 

the time domain (FID) is detected over 100–400 μs with the same wire hook antenna, processed 

via heterodyne mixing and the signal is Fourier transformed to give a spectrum in the frequency 

domain. Another antenna is present on the opposite side of the chamber, but it is connected to a 

diode detector and only used to verify the cavity resonance.  

A single data acquisition event including one gas pulse, one excitation pulse and the FID 

detection takes about 1200 μs (or 120 ms). The pulse sequence can be repeated, and the emission 

signal can be phase coherently averaged as all pulse timings are linked to a frequency standard (10 

MHz system clock). The experimental repetition rate is ~7 kHz and is mainly limited by the 

vacuum throughput. Since the emission signal is usually weak, many cycles are required to achieve 

a satisfactory sensitivity, specially for transitions due to minor isotopic species whose intensities 

are dependent on their natural abundances. As the sample insertion and the microwave pulse are 

coaxial, all observed frequencies appear as doublets in the FTMW spectrum due to the Doppler 

effect. A sample of a narrowband BF-FTMW spectrum is provided on the right side of Figure 2.3. 
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Figure 2.3 A simplified scheme of a Balle-Flygare FTMW experiment. The reader interested in 

the details of the excitation and detection can refer to the original manuscript in reference 8. 

 

Although the cavity-based FTMW instrument has key advantages in terms of both 

resolution and sensitivity, the cavity itself limits its application since the excitation bandwidth is 

on the order of < 1 MHz. Imagine one wants to study a complex molecule having a dense spectrum 

with several dozens of transitions arising from multiple conformers in the range of 4–26 GHz. In 

order to detect each different transition, one would need to physically tune the cavity and record 

emission in segments of < 1 MHz (typically 0.2 MHz), which would result in 110,000 separate 

acquisitions making the study both time consuming and laborious. This highlights the advantages 

of combining the CP-FTMW instrument to collect the survey spectrum and the BF-FTMW 

instrument for higher resolution and sensitivity measurements in a typical rotational spectroscopic 

study. 
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As there were no previous reports on the molecular systems investigated in this thesis, 

extensive quantum chemical calculations were first carried out to predict the molecule’s most 

stable geometries, relative energies and key spectroscopic parameters that are essential to guide 

the spectral searches. Theory was also used to explain features associated with observed 

conformers and to derive experimental parameters and molecular structures. A detailed description 

of the computational methods is provided in the next chapter.  
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Chapter 3. Computational Methods 

 

Theoretical methods are fundamental for the success of any rotational spectroscopic study. 

Prior to the collection of the rotational spectrum, quantum chemical calculations are carried out to 

predict key spectroscopic parameters (e.g. rotational constants and dipole moment components) 

which allow simulations of spectral patterns to serve as guides for the initial spectral assignments. 

Since the systems studied in this work are flexible monomers or molecular adducts, the initial 

calculations involve conformational searches to locate all possible minima on the potential energy 

surface (PES) followed by geometry optimization and frequency calculations. This is necessary 

because each different geometry will have a unique rotational fingerprint as mentioned in Chapter 

2.  

Preliminary and final fittings of observed transition frequencies are performed with 

different open-source software dedicated to spectral analysis which allow us to derive key 

experimental parameters and molecular structures. Once such insights are attained, post 

optimization and frequency calculations are performed to rationalize the effects responsible for the 

observed conformational preferences and address additional phenomena. These usually include 

understanding the absence of certain conformers or the presence of splittings due to internal 

motions which require modeling of interconversion pathways with their associated barrier heights. 

Below, the computational methods are divided into three main parts and described in more detail: 

conformational searches and modelling the potential energy surface, spectral analysis and 

explaining conformational preferences. 
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3.1 Conformational Searches and Potential Energy Surfaces 

 

The first step to understand the conformational landscape of a molecule or a molecular 

complex is to explore its PES which describes the energy of the system as a function of its atomic 

coordinates. For monomers comprised of several geometries, different points on the PES are 

modeled instead as a function of dihedral angles corresponding to rotatable angles that lead to 

different conformers. The PES is derived by performing quantum chemical calculations in which 

the angles of interest are varied in determined steps (usually 36 steps of 10° each for a full 360° 

rotation) and the molecular energy is obtained for each structure. These calculations are commonly 

known as scan calculations and can be performed using single point electronic structure 

calculations available in several popular computational chemistry packages.1 In this thesis, the 

scan calculations were performed using electron correlated density functional theory (DFT) 

functionals, usually the B3LYP-D3(BJ),2–4 with relatively large basis sets such as Dunning’s cc-

pVTZ5 (which are needed to describe the molecular orbitals) as implemented in the Gaussian 16 

software.6 An example of a full PES for a system containing two dihedral angles 

(N-allylmethylamine, Chapter 8) is provided in Figure 3.1. Apart from locating twelve points of 

minimum in the blue and purple regions which correspond to nine unique conformers of AMA, 

the PES also locates points of maximum in the yellow and red regions which allow interconversion 

energy barriers between conformers to be calculated. This is essential to understand the internal 

dynamics of molecules that often leads to observable tunneling splittings. 
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Figure 3.1 Full potential energy surface of AMA which arises due to internal rotations about the δ 

and θ dihedral angles. The PES was obtained through a scan calculation where both dihedral angles 

were varied from -180° to 180° in steps of 10° each at the B3LYP-D3(BJ)/cc-pVTZ level of theory. 

The points corresponding to the nine conformers of AMA are labeled in the top view of the PES 

on the right side. 

 

Although scan calculations are an excellent tool to find conformers of molecules with one 

or two dihedrals, for larger systems and molecular clusters, generating their PES in this way is 

impractical since it involves a large number of dimensions. An alternative is the use of automated 

conformational sampling tools coupled with low-cost computational methods. The most popular 

approaches include calculations performed using force fields (FF) which are part of molecular 

mechanics (MM) theory. FF are empirical methods that use classical models to predict the energy 

of a molecule as a function of its conformation.1 The energy is computed based on previously 

reported geometric parameters, such as bond distances and angles, of model structures from 
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experiments or high-level quantum chemistry calculations and those parameters are considered 

transferrable to larger and more complex systems. For example, if one assumes that a typical C–H 

bond length is always of about 1.05 Å to 1.1 Å with an associated stretching frequency between 

2900 cm-1 and 3300 cm-1 for any molecular system, no additional calculations are needed to 

understand the energy associated with the C–H bond in an unknown system. This is what makes 

FF calculations extremely fast when compared to quantum mechanical methods such as those used 

during the scan calculations which are inherently more computationally expensive for including 

fewer approximations. On the other hand, since electronic correlation (interaction between 

electrons) is not included in MM, additional calculations (at higher levels of theory using 

correlated methods) on all predicted geometries from MM are crucial to define better electronic 

structures and to confirm their relative energy orderings.  

 Aiming to fill in the gap between FF and quantum mechanical theories, a group of 

theoreticians have focused on the development of the so-called semi-empirical quantum 

mechanical methods which are proposed to be simple, fast and reasonably accurate for the 

prediction of many molecular properties such as geometries, vibrational frequencies and non-

covalent interactions. In particular, the GFN2-xTB method of Bannwarth, Ehlert and Grimme7 

features the inclusion of electrostatic interaction and exchange-correlation corrections to account 

for electron-electron interactions, and of a density-dependent dispersion model which becomes 

crucial when modeling non-covalent forces specially in weakly bound complexes. For 

conformational search purposes, Grimme et al. has implemented the GFN2-xTB method into an 

automated conformational search tool, known as conformer-rotamer ensemble sampling tool 

(CREST),8,9 which not only explores the chemical space of monomers but also of molecular 

complexes which is a real advantage over the traditional FF methods which are mostly applied to 
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monomers. It is important to note that the conformational searches using FF and GFN2-xTB 

(through CREST) are not the final answers to the chemical problems considered here but are good 

initial inputs for further higher-level quantum mechanical calculations. 

After finding plausible geometries for the monomer or complexes either by building their 

PES from scan calculations or through the automated searches, high level quantum mechanical 

methods are used to perform full optimization and frequency calculations of each starting structure. 

Once all geometries are optimized, the structures can be ranked in order of energy which resemble 

their relative stabilities and estimates of the rotational constants and dipole moment components 

are obtained which are crucial to guide the spectral searches. Frequency calculations, usually 

within the harmonic approximation, allow vibrational frequencies to be computed which in turn 

enables relative energies with zero-point energy (ZPE) corrections and quartic centrifugal 

distortion constants to be determined. Frequency calculations also confirm the nature of the 

stationary points as minimum geometries do not show any imaginary frequencies while transition 

states are characterized by the presence of a single imaginary vibrational frequency. This 

multi-step procedure is essential to reveal the most likely experimental candidates (low energy 

conformers) which are the first targets for assignment in the rotational spectrum. 
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3.2 Spectral Analysis 

 

3.2.1 Pattern Recognition and Fitting Procedure 

 

With insights about the conformer relative energy orderings, rotational constants and 

dipole moment components from the optimized geometries, a simulated spectrum for each species 

can be generated using the PGOPHER software,10,11 a specialized program in simulating and fitting 

rotational, vibrational and electronic spectra. The preliminary assignment of candidate species is 

performed by recognizing its simulated spectral patterns in the broadband spectrum and assigning 

each experimental line manually to a set of corresponding transition quantum numbers. Even 

though the simulations are based on results from high level calculations, the predicted line 

positions do not always match well with the observed experimental transition frequencies and in 

such cases, extensive efforts are needed to assign the conformers. This is especially true for 

molecules containing several geometries which lead to very dense rotational spectra from which 

patterns are difficult to identify. The procedure of fitting the spectrum is exemplified in Figure 3.2 

where the experimental and simulated spectrum of a simple pattern is compared before and after 

the lines are fitted.  



 
 

42 

 

Figure 3.2 Comparison between experimental and simulated (based on predicted rotational 

constants and dipole moment components from quantum mechanical calculations) spectral 

patterns before (top) and after (bottom) the fitting procedure. 
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At the beginning, the candidate experimental lines are ~70 MHz apart from their simulated 

counterparts. Once a few of the predicted intense peaks are assigned to the spectral lines (strong 

lines in between 7800 – 8300 MHz in Figure 3.2), PGOPHER is used to least squares fit those 

lines to a suitable Hamiltonian to determine a set of experimental rotational constants. If the fit is 

correct, other transitions, not included in the initial fit, automatically shift and match an 

experimental line—note the three less intense transitions on the left side of the strong lines in the 

fitted spectrum in Figure 3.2. This confirms the initial assignments and allows more observables 

to be included in the subsequent fit resulting in better determined spectroscopic constants. In a 

similar way, transitions at higher and lower frequencies, which are out of the range of the 

broadband spectrum, can be predicted and sought using the cavity-based BF-FTMW instrument. 

It is important to note that since the linewidths of spectra collected with the BF-FTMW 

spectrometer (~7 kHz) are much smaller compared to those of the cp-FTMW (~100–200 kHz), 

final measurements are performed by collecting the BF spectrum for all transitions. This is also 

useful to resolve small splittings arising from the 14N hyperfine structure and tunneling motions 

involving relatively high barriers. Instead of using the PGOPHER program, final fittings are 

carried out using Pickett’s SPFIT12 software to obtain refined rotational and centrifugal distortion 

constants. The least squares fits are done using Watson’s symmetric (S)13 or asymmetric (A)14 

reduced Hamiltonians which are usually chosen according to the relative moments of inertia of the 

asymmetric top molecule. For systems containing a methyl internal rotor which leads to an 

observable splitting, the fits were done using the XIAM12,15 code which includes additional terms 

in the Hamiltonian suitable for dealing with the internal rotation. 

When analyzing the rotational spectrum of flexible molecules with several possible 

conformations, often transitions belonging to certain conformers are absent in the spectrum even 
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though they are predicted to be populated and have sizeable dipole components. This phenomenon 

is usually a consequence of relaxation where high energy conformers can re-arrange and 

interconvert to lower energy forms due to collisions with the carrier gas at the beginning of the 

supersonic jet expansion. In the literature, energy barriers smaller than ~5 kJ mol-1 have been 

shown to allow for a nearly complete relaxation. The barrier heights are estimated using pathways 

identified from scan calculations or via transition state calculations.  

 

3.2.2 Structure Determination 

 

Apart from rotational transitions due to the parent species of the molecular systems, 

transitions due to singly substituted rare isotopologues may also be observed in natural abundance 

depending on the intensity of the parent transition. As the only difference between the isotopes of 

a given nucleus is in the number of neutrons, the molecular structures are not affected upon isotopic 

substitution. On the other hand, a change in the atomic masses alters the molecular moments of 

inertia and, consequently, the rotational constant values (remember the inversely proportional 

relationship between rotational constants and moments of inertia). This means that the transitions 

corresponding to the isotopes will also have their own rotational fingerprints. In this work, 

transitions due to the heavier 13C (1.1 %) and 34S (4.2 %) isotopes could be observed for some 

monomers in natural abundances while those corresponding to the 18O (0.2 %) species of water 

were measured for some complexes using an enriched sample of water-18O. The assignment and 

fitting procedure for the isotopic lines is analogous to that described above for the parent species 

with the exception that the calculated rotational constants for the isotopes, needed to simulate their 
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spectral patterns, are first estimated by substituting the masses of each atom one at a time in the 

molecule’s optimized structures using Kisiel’s PMIFST program.12  

With experimentally derived rotational constants for the parent and heavy atom minor 

isotopologues and knowing the differences in the moments of inertia caused by the isotopic 

substitutions, the position of each substituted atom can be determined and the geometry of the 

molecule can be obtained. Although there are different approaches available, the ground state 

effective (r0) and substitution (rs) structures were derived in this work. The r0 structure16,17 is 

associated with the effective bond distances and angles in the ground state vibrational state and is 

fitted directly from the moments of inertia of the isotopologues (from the rotational constants 

determined experimentally) using the STRFIT program.12 Non-substituted atoms are included in 

the r0 treatment by fixing their atomic coordinates to their values from the equilibrium (re) structure 

(obtained from quantum mechanical calculations). The rs method18 determines the magnitude of 

the coordinates of each substituted atom along the a, b and c inertial axes of the parent molecule 

based on the so-called Kraitchman’s equations.19 The rs structure is calculated using the KRA 

software.12 

 

3.3 Conformational Preferences and Non-Covalent Interactions 

 

Although the presence and properties of conformers of a molecular system can be verified 

experimentally, the underlying reasons for the observed conformational preferences (i.e. why one 

geometry is more favoured than the other) can only be obtained with theoretical calculations. In 

particular, four complementary approaches were used to characterize the non-covalent 

intramolecular and intermolecular interactions occurring in the studied systems: quantum theory 
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of atoms in molecules (QTAIM),20 non-covalent interaction (NCI),21 natural bond orbital (NBO)22 

and symmetry-adapted perturbation theory (SAPT)23 analyses. The analyses are carried out using 

the AIMALL,24 NCIPLOT,25 NBO726 and Psi427 programs, respectively. A brief description of 

each analysis and the most relevant information they provide, for the purpose of the work presented 

here, is provided below. For a full theoretical description of the theories, one can refer to their 

specific references. These analyses are known as post-optimization calculations since they are 

usually performed on geometries corresponding to optimized minima. 

 

3.3.1 Quantum Theory of Atoms in Molecules (QTAIM) 

 

The QTAIM theory,20 developed in the 1960s by Richard Bader, is a topological analysis 

of the molecular electron density (ρ) which aims to relate the concepts of molecular structure and 

chemical bonding by partitioning the molecular system into its atomic fragments. By analyzing 

each atom’s ρ within the molecule, one can identify their atomic positions and evaluate the forces 

between them. The QTAIM method is suitable to characterize both covalent bonds and 

non-covalent intra- and/or intermolecular interactions. Based on the QTAIM concepts, two 

parameters must be visualized in the QTAIM molecular graphs (the output of the analysis) for two 

atoms to be considered chemically bound: the bond path (BP) and the bond critical point (BCP). 

The BP is analogous to the representation of a chemical bond in the Lewis-type structure and 

represents a line through space along which the ρ is maximum. The BCP is a saddle point in the 

tridimensional space corresponding to a minimum of ρ along the bonding direction, but a 

maximum in any other. The BP and BCP appear in the QTAIM graphs as a solid or dashed line 

and a green dot, respectively, as exemplified in the molecular graph of methyl 
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3-mercaptopropionate in Figure 3.3. Apart from these two indicators, additional critical points can 

be visualized in the graph such as ring critical points (RCP, Figure 3.3) which appear whenever a 

cyclic structure is present and correspond to the repulsive forces within the molecular ring. The 

analysis also provides quantitative information at each critical point such as the values of the 

electron density, its Laplacian and the potential energy (V). These values can then be used to 

estimate the strength of each individual contact by determining their energies. The energy of the 

interactions found for the systems studied in this thesis were calculated as 0.5V as proposed by 

Espinosa et al.28 

 

Figure 3.3 QTAIM molecular graph of methyl 3-mercaptopropionate highlighting the bond path 

(BP), bond critical point (BCP) and ring critical point (RCP) associated with the formation of the 

S–H…O hydrogen bond. Carbon, hydrogen, oxygen and sulfur atoms are depicted in grey, white, 

red and yellow, respectively. 

 

While the QTAIM is a generally accepted and popular method, controversies are found in 

the literature regarding its accuracy for the study of long-range weak interactions. This include 

cases where a weak interaction is confirmed to exist experimentally, such as the O–H…O in 1,2-

ethanediol, but that neither a BP nor a BCP regarding such interaction were observed in the 
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QTAIM molecular graphs.29,30 Contrary observations have also been reported in which a BP and 

BCP have been predicted that correspond to  a non-physically meaningful attractive interaction 

such as the H…H steric interactions in biphenyl derivatives.31 This means that QTAIM results 

should be analyzed carefully also in the context of the user’s chemical intuition. Aiming to propose 

a method specifically for describing non-covalent interactions, Johnson et al.21 developed NCI 

analysis in 2010, which is a useful tool for characterizing weak intra- and intermolecular contacts.  

 

3.3.2 Non-covalent Interaction (NCI) 

 

Similar to the QTAIM approach, the NCI21 analysis also uses the electron density topology as 

the key property to understand chemical bonding. However, the NCI method is based on the 

normalized reduced density gradient (s), 

V = 4
["(2(!)

#
$]|∇;|/;%/$

, (3-1) 

which comes from the ρ and its first derivative. Regions in which non-covalent interactions occur 

are defined as regions of both low ρ and s. The idea therefore is that by obtaining isosurfaces of s 

at low ρ, one can visualize the position and characteristics of the different non-covalent forces 

within a molecular system. Although the values of ρ are enough to locate the regions of the 

non-covalent contacts and indicate their strength, in order to distinguish whether a contact is weak, 

such as van der Waals, or a strong attractive or repulsive interaction, the sign of the Laplacian of 

the electron density (∇2ρ) has been shown to be a better indicator. In particular, the sign of the 

second eigenvalue of the electron density Hessian matrix sign(λ2)ρ can distinguish between 

attractive (λ2 < 0) and repulsive (λ2 > 0) interactions. While the NCI results can be shown 

graphically as plots of s versus sign(λ2)ρ, it is a common practice to present the NCI outcomes as 
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pictorial gradient isosurfaces which are coloured based on the sign(λ2)ρ values. In these NCI 

isosurfaces, strong attractive (sign(λ2)ρ < 0) interactions are represented by blue, strong repulsive 

(sign(λ2)ρ > 0) by red and weak van der Waals (sign(λ2)ρ close to zero) by green coloured surfaces 

in the interatomic regions. For the benzene dimer in Figure 3.4, for example, the graph (Figure 

3.4a) shows troughs with S ~ 0 corresponding to attractive π-π stacking interaction between the 

two aromatic rings and repulsive forces occurring within each benzene subunit. These interactions 

can also be simply visualized by the colour scheme in the NCI isosurface (Figure 3.4b). 

 

 

Figure 3.4 NCI graph (a) and isosurface (b) of the benzene dimer showing the troughs and colour 

scheme associated with the attractive π-π stacking interaction between the two aromatic rings and 

steric repulsion within each benzene monomer. 

 

3.3.3 Natural Bond Orbital (NBO) 

 

Natural bond orbitals22 are representations of the electronic structure of the molecular 

system in the form of an idealized representation of the Lewis structure where localized molecular 
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orbitals and isolated electron pairs are doubly occupied. Apart from generating descriptions of the 

occupied (bonding and lone pairs) natural orbitals, the NBO analysis can also identify empty 

antibonding orbitals which are key to model hyperconjugative interactions (charge transfer from a 

filled to an empty orbital). These orbital interactions stabilize the molecule and their associated 

energies (E(2)) can be obtained by means of second-order perturbation theory. The E(2) of an 

interaction between a donor and acceptor orbital is given by: 

 
∆"!→#

(%) = $! |((!,#)|
$

*%+*&
, (3-2) 

in which W%  is the occupancy of the donor orbital, |8(2, Y)| is the Kohn-Sham matrix element 

related to the orbital overlap between the donor and acceptor orbitals, and Z% and Z= are the energies 

of the donor and acceptor orbitals, respectively. Equation (3-2) indicates that a strong orbital 

interaction (large E(2) value) depends on both a favourable overlap and small energy gap between 

the interacting orbitals. 

 

3.3.4 Symmetry-Adapted Perturbation Theory (SAPT) 

 

To obtain detailed information on the intermolecular interactions forming weakly bound 

complexes (as found in Chapters 6, 7 and 9), SAPT calculations were invoked. This approach is 

also known as an energy decomposition method in which the complex calculated total interaction 

energy, also an indicator of the interaction’s strength, can be further decomposed into four 

physically meaningful components (electrostatic, dispersion, exchange and induction). These 

terms reveal the physical nature of the intermolecular contacts and are used to understand the main 

energy contributor to explain the formation of a given complex. Comparisons of the SAPT results 
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for similar series of complexes are useful to understand the change in the interaction energy upon 

functional group or atomic substitutions. For example, in Chapter 6, SAPT analysis is used to 

understand the variations in hydrogen bonding character upon oxygen to sulfur substitution. 

The subsequent chapters employ the computational methods introduced above in 

combination with rotational spectroscopy (Chapter 2) to study a range of flexible monomers and 

molecular aggregates. These methods are crucial to model the systems’ PES and to reveal the 

stereoelectronic effects responsible for the conformational preferences. 
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Chapter 4. Sulfur as a Hydrogen Bonding Donor in the Gas 

Phase: Rotational Spectroscopic and Computational Study of 

3-Mercaptopropionic Acid1 
 

In this chapter, the microwave and computational study of 3-mercaptopropionic acid 

(3-MPA, Figure 4.1) is discussed as an effort to overcome the lack of experimental data on sulfur 

hydrogen bonding. In particular, the hydrogen bond S–H…O=C between the mercapto (SH) and 

the carbonyl group (C=O) of the acid (–C(O)OH), which plays a major role in the biological 

environment, is of interest. The results obtained in this chapter reveal that although the sulfur 

hydrogen bond is weaker than those formed with oxygen and nitrogen, it is the principal effect that 

governs the conformational preferences of 3-MPA. This is supported by the observation of a single 

dominant structure in the rotational spectrum that is stabilized by the S–H…O=C interaction.  

 

4.1 Abstract 

 

Rotational spectra of 3-MPA were measured from 6-18 GHz using chirped pulse and 

cavity-based Fourier transform microwave (FTMW) spectroscopy. Theoretical calculations using 

the B3LYP-D3(BJ) and MP2 methods with the aug-cc-pVTZ basis set show the presence of seven 

energy minima of 3-MPA below 8.4 kJ mol-1. Comparison of calculated rotational and centrifugal 

distortion constants with experimental data led to the unequivocal assignment of the global energy 

 
1The content of this chapter is an adapted version of the article published in the Journal of Molecular 

Spectroscopy under the citation: Silva, W. G. D. P.; van Wijngaarden, J. Sulfur as a Hydrogen Bond Donor 
in the Gas Phase: Rotational and Spectroscopic Study of 3-Mercaptopropionic acid, J. Mol. Spectrosc. 2019, 
362, 1–7. Copyrights © 2019 Elsevier Inc. 
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minimum geometry. This conformer has the mercaptan hydrogen directly oriented towards the 

carbonyl oxygen of the carboxylic acid moiety suggesting the presence of a six-membered ring S–

H…O=C intramolecular hydrogen bond. Quantum theory of atoms in molecules, non-covalent 

interactions, and natural bond orbital analyses confirm the stability of the sulfur hydrogen bond 

which plays a key role in the conformational preferences of 3-MPA. 

 

4.2 Introduction 

 

Hydrogen bonding (HB) is an important non-covalent interaction which plays a central role 

in several processes in chemistry and biology such as organic and enzymatic catalysis, protein 

folding, protein structure, and molecular recognition.1 The strength of a HB A–H…B is generally 

proportional to the electronegativity of the HB donor (A) and HB acceptor (B) atoms. Due to the 

large electronegativity of oxygen (~3.4) and nitrogen (~3.0) and their versatility as both donors 

and acceptors, HBs formed by these atoms have been the subject of numerous studies. The 

characteristics of those interactions have also been used as basis for the definition of the HB 

concept.2 On the other hand, less attention has been dedicated to HBs formed by atoms that have 

smaller electronegativities such as the chalcogens selenium (~2.5) and sulfur (~2.6).3 

Sulfur HBs, where sulfur acts as proton donor and/or acceptor, are known to be weaker 

than traditional HBs; however, it was recently shown3,4 that they can be as strong as oxygen and 

nitrogen HBs as in the case of the N–H…S interaction compared to N–H…O=C in methionine 

dipeptides.3 They are also key to the stability and function of organic crystals and biological 

molecules.3,5 One example is the role of the S–H…O=C HB in the stabilization of globular proteins 

in the natural environment.5 Despite their unquestionable significance, the nature, strength, and 
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directionality of sulfur HBs are still topics of debate in the literature.3 The lack of information on 

these important interactions inhibits their identification and the characterization of their function 

in different systems. For instance, computational algorithms which use HB geometries (distances 

and angles) and energetic criteria often fail to identify weak sulfur HBs in proteins since codes are 

parameterized with experimental data from typical and strong HBs such as those involving oxygen 

and nitrogen.2 

The combination of molecular spectroscopy, particularly rotational spectroscopy, and 

quantum mechanical calculations has been shown to be an efficient approach to overcome the lack 

of experimental data on weak non-covalent interactions.6–9 FTMW spectroscopy allows the 

determination of precise structural and energetic parameters of molecules in a supersonic jet 

expansion where species are studied in isolation of crystal packing and solvent effects. 

Additionally, the technique provides very accurate spectroscopic parameters for comparison to 

values obtained from theoretical calculations making rotational spectroscopy a powerful tool for 

benchmark purposes.10 

A subset of sulfur-containing species has been studied in the gas phase using rotational 

spectroscopy to elucidate sulfur HBs.11–14 The investigated systems are mostly dimers and 

molecular complexes where sulfur acts as HB donor and HB acceptor. Examples include the recent 

reports of Juanes et al14 and Das et al13 which reveal the competition between the HB donor and 

HB acceptor characters of sulfur in the monohydrate clusters of furfuryl mercaptan and the HB S–

H…S interaction in the H2S dimer, respectively. Although some studies have been carried out, there 

are still several classes of sulfur HBs that need clarification such as the S–H…O=C HB which plays 

a key role in biological systems.5 As recently stated by Biswal3 and reinforced by Juanes et al14, 
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further investigations on unexplored sulfur-containing species at the molecular level are necessary 

to gain deeper insight on sulfur HBs. 

Among sulfur-containing compounds, mercaptans (or thiols) (SH) are crucial in biological 

processes as well as in medicinal and food industries.15 In particular, 3-mercaptopropionic acid (3-

MPA) [HS–CH2–CH2–C(=O)OH] is an organic compound used in the synthesis of nanocrystals,16 

peptides, and protein thioesters,17 and is a convulsant and important intermediate in biological 

studies.15,18 Due to the potential of forming important metal complexes in seawater and sediments, 

3-MPA complexes have also been used as prototypes for theoretical investigations19 that aim to 

better understand the interaction between organic thiols and metal ions. A detailed understanding 

of the molecular structures adopted by the 3-MPA monomer, however, is crucial to gain insight 

into the binding mechanisms and formation of 3-MPA-metal complexes. As the presence of a thiol 

(SH) and a carboxylic acid moiety in its structure may permit formation of intramolecular S–

H…O=C HBs, this compound is an interesting model for the study of sulfur non-covalent 

interactions.  

Herein, we report the first microwave spectroscopic study of 3-MPA supported by density 

functional theory (DFT) and ab initio quantum mechanical calculations. The elucidation of the 

conformational preferences of 3-MPA expands the current understanding of sulfur HBs and 

reveals important differences in comparison to its oxygen analog 3-hydroxypropionic acid.  
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4.3 Methods 

 

4.3.1 Experimental Methods 

 

Rotational spectra of 3-MPA were measured in the frequency range of 6–18 GHz using 

both chirped-pulse (CP)20 and cavity-based Balle-Flygare (BF)21 type Fourier transform 

microwave (FTMW) spectrometers available at the University of Manitoba. The spectrometers 

have been previously described in the literature.22,23 Initial measurements were carried out using 

the CP-FTMW instrument where the broadband spectra of 3-MPA were recorded in segments of 

2 GHz from 6 GHz to 18 GHz. Afterwards, final frequency measurements were performed using 

the BF-FTMW instrument which provides better resolution and sensitivity. It is worth noting that 

in the cavity-based spectra, the rotational transitions are split into two components due to the 

Doppler effect of the molecular emission propagating collinearly with the jet expansion and have 

line widths of ~7 kHz (FWHM). The uncertainty in the line positions is of about ±1 kHz. 

For both experiments, 3-MPA (99%), purchased from Sigma-Aldrich Canada, was used 

without further purification. Since the compound is a liquid at room temperature with a high 

boiling point (110–111 ºC at 15 mmHg), a glass bubbler was used to deliver the sample into the 

spectrometers with neon (~1 bar) acting as a carrier gas. The mixture containing traces of the 

sample and the gas was supersonically expanded into the high vacuum chambers (P~10-6 Torr) of 

the instruments through a pulsed nozzle (1 mm diameter orifice). 
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4.3.2 Computational Details 

 

The presence of multiple dihedral angles in the structure of 3-MPA make its 

conformational equilibrium rich as multiple conformations may arise from rotations around its 

single bonds as shown in Figure 4.1. To find all possible geometries of 3-MPA, an initial 

conformational search was carried out using the Merck Molecular Force Field (MMFF94)24 

method as implemented in the Marvin Sketch 16.10.10 program (ChemAxon version 6.1). The 

search led to thirty possible geometries of 3-MPA. Optimization calculations were then carried out 

for all structures at the B3LYP-D3(BJ)25–27/aug-cc-pVTZ28 level of theory. These calculations 

resulted in seven energy minima with relative energies smaller than 8.4 kJ mol-1. Based on recent 

reports10,29 in rotational spectroscopy that highlight the importance of choosing appropriate 

theoretical methods for this type of study, we carried out optimization calculations at different 

levels of theory for the seven most stable conformers. The chosen methods include ab initio 

(MP2)30 and DFT B3LYP, along with other three DFT functionals, including the M062-X31, 

ωB97X-D32 and the dispersion-corrected B3LYP functional with Becke-Johnson damping 

(B3LYP-D3(BJ)). The aug-cc-pVTZ basis set was used for all calculations. 

 

Figure 4.1 Chemical structure and dihedral angles of 3-MPA. 
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We also performed frequency calculations for all of the different methods to guarantee that 

imaginary frequencies were absent and also to obtain the electronic energies with zero-point 

corrections as well as the Gibbs free energies at 298K. All optimization and frequency calculations 

were carried out using the Gaussian 16 revision B.01 program.33 

Finally, to investigate the presence and stability of intramolecular interactions in the 

conformers of 3-MPA, we completed quantum theory of atoms in molecules (QTAIM),34 non-

covalent interactions (NCI),35 and natural bond orbital (NBO)36 analyses. The QTAIM, NCI, and 

NBO analyses were performed using the AIMAll,37 NCIPLOT,38 and NBO 6.039 programs, 

respectively. 

 

4.4 Results and Discussion 

 

The seven conformers of 3-MPA having relative energies less than 8.4 kJ mol-1 are shown 

in Figure 4.2 while their Cartesian coordinates are provided in Tables S1–S7 in Appendix file. The 

structures are labeled by the name “mpa” which stands for 3-mercaptopropionic acid followed by 

an Arabic numeral, from 1 to 7, that represents their order of stability from B3LYP-D3(BJ) level 

calculations with basis set aug-cc-pVTZ, with 1 being the most stable conformer. As conformers 

with higher relative energies are not appreciably populated at room temperature before supersonic 

expansion, only these seven are considered for further discussion.  
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Figure 4.2 Seven most stable conformers of 3-MPA. 

 

The role of theory in accurately capturing dispersive interactions in microwave 

spectroscopic investigations has been recently discussed in the literature.10,29 As such, the relative 

energies and spectroscopic parameters of the seven most relevant conformers of 3-MPA were 

calculated at various levels of theory. Overall, the spectroscopic parameters calculated for each 

conformer from the different methods are consistent. The B3LYP-D3(BJ) functional presents the 

best agreement with the experimental data and a summary of these results is provided in Table 4.1 

along with those from the popular ab initio MP2 method for comparison. The results obtained 

using the other three DFT methods (B3LYP, M062-X, and ωB97X-D) are provided in Table S10. 

The electronic energies with zero-point corrections (ΔEZPE) and the Gibbs free (ΔG) energies 

which account for entropic contributions at 298K are also provided. 
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Table 4.1 Calculated rotational parameters and relative energies (DFT B3LYP-B3(BJ) and MP2, 

aug-cc-pVTZ) for the most stable conformers of 3-MPA. 

 
 B3LYP-D3(BJ)  MP2 

Conformer A/B/C[a] |μa|/|μb|/|μc|[b] ΔEZPE[c]/ΔG[d]  A/B/C |μa|/|μb|/|μc| ΔEZPE/ΔG 

mpa1 5927/1572/1436 1.6/1.6/0.1 0.0/0.0  5836/1618/1479 1.7/1.8/0.1 0.0/0.0 

mpa2 9027/1163/1049 1.0/1.4/0.6 3.8/1.7  8976/1179/1062 1.0/1.6/0.7 4.6/2.5 

mpa3 5395/1559/1517 0.6/2.4/1.0 4.6/3.4  5277/1621/1577 0.5/2.6/1.3 4.6/3.3 

mpa4 8972/1183/1058 0.6/0.4/0.0 6.3/4.2  8917/1200/1072 0.5/0.4/0.0 6.7/4.6 

mpa5 8394/1181/1092 0.2/0.8/0.0 7.9/5.0  8338/1199/1108 0.1/0.8/0.0 8.4/5.0 

mpa6 4904/1662/1627 0.4/2.0/0.8 7.1/6.3  4817/1738/1686 0.5/2.4/0.5 6.3/5.9 

mpa7 5231/1618/1554 0.0/0.5/2.2 7.1/6.3  5087/1679/1626 0.1/0.9/2.4 6.3/5.9 

[a]Rotational constants (A, B, and C) in MHz; [b]Absolute values of the electric dipole moment 

components in D; [c]Relative energies, in kJ mol-1, with respect to the global energy minimum 

accounting for zero-point energy (ZPE) corrections; [d]Relative Gibbs free energies, in kJ mol-1, 

with respect to the global energy minimum calculated at 298K. 

 

 From both the B3LYP-D3(BJ) and MP2 methods, conformer mpa1 is predicted to be the 

geometry corresponding to the global energy minimum and to be at least 1.7 kJ mol-1 (ΔG; 

B3LYP-D3(BJ)/aug-cc-pVTZ) more stable than the second lowest energy conformer (mpa2). This 

energy difference corresponds to abundances that are equivalent to 44.9% and 21.2% for mpa1 

and mpa2 respectively, at room temperature. In the most stable conformer, the hydrogen atom of 

the SH group is directly oriented towards the carbonyl oxygen of the carboxylic acid moiety 

suggesting the presence of an S–H…O=C intramolecular hydrogen bond (IHB). This interaction 

would result in the formation of a six-membered ring (β of approximately 70º, Figure 4.1) in this 

conformation. The second lowest energy conformer adopts a “zig-zag” structure (β ~ 180º, Figure 

4.1) where the oxygen, sulfur, and carbon atoms are all in the same plane while the hydrogens 

have out-of-plane orientations with the exception of the carboxylic acid hydrogen. The remaining 
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higher energy conformations also have values of β close to 180º (mpa4 and mpa5) or 70º (mpa3, 

mpa6, and mpa7). The geometry adopted by the global energy minimum of 3-MPA is similar to 

the one reported in the literature for the most stable conformer of thioglycolic or mercaptoacetic 

acid (HO–C(=O)–CH2–SH) where the presence of the S–H…O=C intramolecular interaction 

results in the formation of a five-membered ring.40,41  

 Interestingly, none of the most populated conformers of 3-MPA exhibit a favorable 

geometry for the formation of a O–H…S IHB between the sulfur and the hydroxyl group of the 

carboxylic acid. This reveals that the character of sulfur in 3-MPA is that of a HB donor rather 

than acceptor. In the computational study of the oxygen analog of 3-MPA, 3-hydroxypropionic 

acid, the alcohol oxygen serves as a HB donor in both of the two lowest energy conformers. The 

lowest energy is analogous to that determined for mpa1 in this work and the second most stable 

conformer of 3-hydroxypropionic acid exhibits a O–H…O interaction with the alcohol oxygen 

acting as a HB donor to the hydroxy oxygen of the carboxylic acid moiety.42 The latter resembles 

the structure of conformer mpa6, however, in 3-MPA this geometry is at least 5.9 kJ mol-1 higher 

in energy than mpa1 and is thus, considerably less stable. 

As there are no previous reports on the microwave spectra of 3-MPA, the data collected in 

Table 4.1 were used to guide our experimental search. As the intensity of the rotational transitions 

in the microwave spectra is directly related to the electric dipole moment components (μa, µb, and 

µc) along the principal axes (a, b, and c) and the population of the ground state rotational energy 

levels, our spectral search focused first on the assignment of rotational transitions corresponding 

to the global minimum geometry. The simulated spectrum of mpa1 was compared to the 

experimental CP-FTMW spectra using the PGOPHER program43. The comparison led to the 

successful identification of mpa1 in the range from 6 GHz to 18 GHz. Both a- and b-type rotational 
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transitions were readily detected in good agreement with the sizeable |µa|= 1.6 D–1.7 D and |μb|= 

1.6 D–1.8 D (B3LYP-D3(BJ) and MP2, aug-cc-pVTZ) dipole moment components predicted by 

theory. Despite accurate line positions, no c-type transitions could be observed for mpa1 which 

also agrees with the small predicted values of |μc|= 0.1 D (B3LYP-D3(BJ) and MP2, aug-cc-

pVTZ). A portion of the broadband microwave spectrum highlighting some rotational transitions 

assigned for mpa1 is provided in Figure 4.3A. To achieve higher resolution and sensitivity, the 

rotational transitions observed for the parent species of mpa1 in the broadband spectra were 

re-investigated using the cavity-based BF-FTMW spectrometer. In total, 45 Doppler doublets, 

including 26 a-type and 19 b-type rotational transitions, were measured for the parent species of 

mpa1. A sample of the BF-FTMW spectrum showing the Doppler splitting for the 303-202 rotational 

transition is depicted in Figure 4.3B. The full list of assigned transitions is provided in Table S11. 

The observed transitions were fitted using Pickett’s SPFIT program44 set to Watson’s A-reduced 

Hamiltonian45 in the Ir representation. The derived experimental parameters are shown in Table 

4.2. 
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Figure 4.3 A) Portion of the broadband spectrum (1.5 million FIDs) of 3-mercaptopropionic acid 

displaying some rotational transitions observed for the parent species of mpa1; B) Sample of the 

cavity-based FTMW spectrum (778 cycles) of the 303-202 rotational transition of mpa1. 
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Table 4.2 Comparison between experimental and theoretical (B3LYP-D3(BJ)/aug-cc-pVTZ) 

spectroscopic parameters for the parent species of conformer mpa1. The calculated distortion 

constants were obtained through anharmonic frequency calculations. 

Parameter Experimental B3LYP-D3(BJ) 
A /MHz 5946.15216(36) 5927 
B /MHz 1585.04375(10) 1572 
C /MHz 1448.00927(11) 1436 
ΔJ /kHz 0.77709(61) 0.77 
ΔJK /kHz -5.7705(39) -5.59 
ΔK /kHz 33.179(72) 35.06 
δj /kHz -0.03159(51) -0.03 
δk /kHz 5.730(45) 6.24 
σ /kHz 0.5  

N 45  
 

The ground state experimental rotational parameters are well-determined (σ= 0.5 kHz) and 

present good agreement with the equilibrium values derived from optimization and frequency 

calculations. The theoretical centrifugal distortion constants were estimated only using the 

B3LYP-D3(BJ) method due to the large computational cost of anharmonic frequency calculations 

at the MP2 level. The experimentally derived rotational constants A, B, and C show better 

agreement with the values calculated using B3LYP-D3(BJ) (within 1.5% for all rotational 

constants) which suggests that the equilibrium geometry (re) of mpa1 obtained at this level of 

theory is closer to its ground state structure. Comparison between experimental and theoretical 

centrifugal distortion constants provides an additional check for the unequivocal assignment of 

these transitions as arising from mpa1. It is worth noting that although a theoretical method can 

provide reasonable results for rotational constants, it does not always reproduce the values of the 

centrifugal distortion constants well.46 Thus, the excellent match between experiment and theory 

in this work validates the consistency of the chosen level of theory.  
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Despite our experimental efforts, no other conformers of 3-MPA could be identified in the 

rotational spectra. Although mpa2 is predicted to have a population between 6.4% and 33.6% at 

room temperature (for different levels of theory), i.e. the predicted conformer distributions are very 

sensitive to the computation employed, the observed transitions of 3-MPA were extremely weak 

due to the compound’s low volatility. This prevented the identification of the spectrum of mpa2 

along with those of other conformers and minor isotopologues. Furthermore, it is well known that 

higher energy conformers may relax to lower energy forms during the supersonic jet expansion 

depending on the barriers to re-arrangement. Barriers above ~400 cm-1 restrict this relaxation and 

allow experimental observation of metastable conformers.47 In this case, as the relaxation of mpa2 

to mpa1 involves changes in all dihedral angles, the pathway is not simple to estimate, and we 

cannot conclude whether the absence of mpa2 is due to its low population (maybe as low as 6.4%) 

or facile relaxation to mpa1 in the cold jet. 

To investigate the presence and stability of the six-membered ring S–H…O=C IHB in 

conformer mpa1, we performed quantum theory of atoms in molecules (QTAIM), non-covalent 

interactions (NCI), and natural bond orbital (NBO) analyses which are common approaches for 

the characterization of hydrogen bonds and other non-covalent interactions.34–36 The QTAIM 

molecular graph (Figure 4.4A) exhibits a bond path (BP) and a bond critical point (BCP) between 

the carbonyl oxygen of the carboxylic acid moiety and the mercaptan hydrogen, supporting the 

existence of a S–H…O=C IHB in mpa1. Due to the formation of a six-membered ring, a ring critical 

point (RCP) is also observed in the QTAIM molecular graph. To confirm the stability of this 

interaction, the electron density (ρ), its Laplacian (∇2ρ), and the local potential energy (V) at the 

BCP were analyzed using Bader’s48 criteria for the characterization of hydrogen bonds. The 

criteria establish that hydrogen bonds have values of ρ(r) and ∇2ρ(r) at the BCP between 0.002–
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0.034 a.u. and 0.024–0.139 a.u., respectively49 The values obtained for the QTAIM parameters 

(Table 4.3) at the BCP of the S–H…O=C interaction satisfy Bader’s rules. Additionally, we also 

evaluated other criteria, established by Koch and Popelier49 which compare the QTAIM properties 

of a H-bound and a non-H-bound hydrogen atom; these properties are the atomic charge q(H), 

atomic first dipole moment M1(H), atomic energy E(H), and atomic volume V(H). By comparing 

the QTAIM parameters (Table 4.3) of the mercaptan hydrogens of mpa1 (which is involved in the 

IHB) and mpa2 (which does not experience the intramolecular interaction), it can be seen that the 

mercaptan hydrogen in the former has a larger q(H), has smaller M1(H) and V(H), and is less stable 

than in the latter. Thus, as the mercaptan hydrogen of mpa1 satisfies the Koch and Popelier criteria, 

this conformer possesses a stable S–H…O=C IHB which indeed plays a significant role in the 

stabilization of mpa1 relative to the other forms.  
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Figure 4.4 A) QTAIM molecular graph, B) NCI isosurface (s= 0.5 au; colour scale of -0.02 < ρ < 

0.02); and C) NBO plots of mpa1. 

 

Table 4.3 QTAIM parameters (in a.u.) obtained for conformers mpa1 and mpa2. 

Parameter mpa1 mpa2 (reference) 
ρ(r) 0.009 – 
∇2ρ(r) 0.033 – 
V(r) -0.005 – 

 H (SH) H (SH) 
q(H) -0.028 -0.069 

M1(H) 0.053 0.063 
E(H) -0.607 -0.620 
V(H) 49.06 54.36 

 

In agreement with the QTAIM analysis, the NCI approach (Figure 4.4B) confirms the 

presence of a weak S–H…O=C IHB in mpa1 characterized by the blue-greenish isosurface between 

the carbonyl oxygen and the mercaptan hydrogen. The NCI isosurface is coloured based on the 
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values of sign(λ2)ρ, where λ2 is the second eigenvalue of the Hessian matrix of ρ. The colours are 

indicative of the types of interactions that are present in the chemical system under investigation 

where strong attractive, strong repulsive, and weak (van der Waals) interactions are represented 

by blue, red, and green isosurfaces, respectively. 

The S–H…O=C IHB was also evaluated through natural bond orbital (NBO) analysis 

carried out at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory. The NBO output reveals charge 

transfer from the two lone-pairs of the carbonyl oxygen [LP1(O) and LP2(O)] to the anti-bonding 

orbital of the S–H bond (σ*S-H), characterized by the LP1(O) → σ*S–H and LP2(O) → σ*S–H 

hyperconjugative interactions. The second-order perturbation energies for such interactions are 

equal to 0.38 kJ mol-1 and 1.55 kJ mol-1, respectively which implies greater involvement of LP2(O) 

in the S–H…O=C IHB. For comparison, in 3-hydroxypropionic acid, the second-order perturbation 

energies of LP1(O) → σ*O–H and LP2(O) → σ*O–H are equivalent to 1.17 kJ mol-1 and 7.07 kJ mol-1 

(B3LYP-D3(BJ)/aug-cc-pVTZ) (this work), respectively which reveals that the energies of the 

hyperconjugative interactions involved in the O–H…O=C IHB are approximately four times larger 

than those in the S–H…O=C IHB. This is of no surprise since oxygen often forms stronger 

hydrogen bonds when compared to sulfur. The LP(O) → σ*S–H hyperconjugative interactions play 

a key role in the stabilization of mpa1 which explains why it is the dominant conformer in the rich 

conformational landscape. A pictorial representation of the orbital overlaps of the LP(O) → σ*S–H 

hyperconjugative interactions is provided in the NBO plots of Figure 4.4C.   

Regardless of whether sulfur acts as a HB donor or HB acceptor, it has been shown that 

sulfur HBs are characterized by different geometric parameters when compared to those formed 

by oxygen and nitrogen.2 Thus, apart from quantum mechanical approaches, we also determined 

the effective geometric parameters of the S–H…O=C six-membered IHB by looking at the 
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equilibrium structure (re) of mpa1 (Figure 4.5). The length of the S–H…O=C IHB determined by 

the distance between the carbonyl oxygen and the mercaptan hydrogen is 2.553 Å which is smaller 

than the sum of the van der Waals radii of oxygen and hydrogen (~2.72 Å). The ∠SH…O angle is 

found to be 117.5º. For comparison, sulfur HBs in cysteine, where sulfur acts as proton donor S–

H…B, have bond lengths that vary from 2.51 Å to 2.84 Å depending on the nature of the HB 

acceptor atom B.2 

 
Figure 4.5 Equilibrium re structure of mpa1 obtained at the B3LYP-D3(BJ)/aug-cc-pVTZ level of 

theory. 

 

 In previous rotational spectroscopy studies40,41 of thioglycolic acid (HO–C(=O)–CH2–SH), 

which is the shorter hydrocarbon chain version of 3-MPA, the existence of a five-membered ring 

S–H…O=C IHB was suggested. Interestingly, splitting related to the torsion of the SH group was 

observed in the rotational spectra. This tunneling motion is characterized by a low-energy barrier 

double-well potential function that allows for the interconversion between two equivalent forms 

of thioglycolic acid. In the present study, we did not observe splitting associated with this tunneling 

motion in the rotational spectra of 3-MPA which we purport is related to a stronger S–H…O=C 

IHB in this compound. This leads to an increase in the energy barrier between the two equivalent 

forms of mpa1 restricting the torsion motion of the SH group in this conformation. To support our 
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assertion, we optimized and performed QTAIM and NBO (B3LYP-D3(BJ)/aug-cc-pVTZ) 

analyses for the geometry of the previous reported conformer of thioglycolic acid. In the QTAIM 

molecular graph, neither a BP nor a BCP were observed regarding the S–H…O=C IHB indicating 

the absence or the weak character of this interaction in thioglycolic acid. NBO calculations confirm 

that the S–H…O=C interaction in thioglycolic acid is weaker when compared to that in 3-MPA. 

This is evidenced by the calculated second-order perturbation energies of the LP2(O) → σ*S–H 

hyperconjugative interaction which is equal to 0.21 kJ mol-1 in the former and 1.63 kJ mol-1 in the 

latter. Furthermore, it is well known that six-membered ring IHBs are stronger than the 

five-membered ones. This is explained by a greater ring strain in the five-membered cycles that 

affects the stability of the IHB formed as exemplified by the comparison of the O–H…O IHB in a 

series of substituted diols named 1,2-ethanediol,50 1,3-propanediol,51 and 1,4-butanediol52 that 

form five-, six-, and seven-membered ring IHBs, respectively. 

 

4.5 Conclusions 

 

In summary, the combination of quantum mechanical calculations and rotational 

spectroscopy in a supersonic jet expansion allowed the conformational study of 3-MPA for the 

first time. Theoretical calculations at both B3LYP-D3(BJ) and MP2 levels with the aug-cc-pVTZ 

basis set suggest the presence of seven populated energy minima in the conformational equilibrium 

of 3-MPA. Experimentally, one conformer was observed in the pure rotational spectra and the 

derived experimental rotational parameters agree very well with those predicted for the global 

energy minimum (mpa1) geometry whereby the sulfur behaves as a proton donor rather than 

acceptor. The excellent match of the experimental rotational and centrifugal distortion constants 
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with those calculated at the B3LYP-D3(BJ)/aug-cc-pVTZ not only unequivocally confirms the 

assignment of mpa1 but also reveals that its actual geometry is very close to the equilibrium 

structure re obtained at this level of theory. Topological NCI and QTAIM analyses show the 

presence of a stable S–H…O=C IHB in mpa1 which is confirmed by hyperconjugative LP(O) → 

σ*S–H interactions obtained through NBO analysis. Although weak, the S–H…O=C IHB is proven 

to play a key role in the conformational preferences of 3-MPA. The detailed results obtained in 

this study contribute to a better understanding of the characteristics of sulfur HBs. 
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Chapter 5. Internal Motions and Sulfur Hydrogen Bonding in 

Methyl 3-Mercaptopropionate2 
 

While in chapter 4 the importance of the S–H…O=C interaction was confirmed to play a major 

role in the conformational stability of 3-MPA, no transitions belonging to singly substituted 

isotopic species could be observed in the spectrum which prevented experimental structures from 

being derived. In this chapter, the conformational analysis of methyl 3-mercaptopropionate (3-

MP) is reported to derive accurate geometric parameters and to evaluate the influence of the ester 

group on the S–H…O=C hydrogen bonding. The rotational spectrum of 3-MP showed complex 

patterns due to the presence of the methyl internal rotor and torsional motions of the SH group 

which are also discussed in detail below. 

 

5.1  Abstract 

 

The effect of sulfur hydrogen bonding on the conformational equilibrium of methyl 

3-mercaptopropionate (3-MP) was investigated using microwave spectroscopy in a supersonic jet 

expansion. The two most stable conformers (I and II) were assigned in the rotational spectra and 

complex splitting patterns owing to the methyl internal rotation and SH tunneling motion were 

resolved and analyzed in detail. For both conformers, the experimental torsional barriers for the 

methyl top are similar and of about 5.1 kJ mol-1, which reveal that their geometrical differences do 

 
2The content of this chapter is an adapted version of the article published in the Journal of Physical 

Chemistry A under the citation: Silva, W. G. D. P.; Evangelisti, L.; van Wijngaarden, J. Internal Motions 
and Sulfur Hydrogen Bonding in Methyl 3-Mercaptopropionate, J. Phys. Chem. A 2019, 123, 9840–9849. 

Copyrights © 2019 American Chemical Society. 
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not affect the methyl internal rotation. The experimentally-derived rotational and centrifugal 

distortion constants, along with the methyl internal rotation barriers are discussed in detail and 

compared with results from density functional theory and ab initio calculations. Quantum theory 

of atoms in molecules, non-covalent interaction, and natural bond orbital analyses show that the 

global minimum geometry (I), which has the thiol hydrogen oriented towards the carbonyl of the 

ester, is stabilized by an S–H…O=C hydrogen bond. The presence of a hydrogen bond is confirmed 

by the derivation of an accurate experimental geometry that reveals a hydrogen bond distance and 

angle S–H–O of 2.515(4) Å and 117.4(1)º, respectively. These results are key benchmarks to 

expand the current knowledge of sulfur hydrogen bonds and the relationship between internal 

motions and conformational preferences in esters.  

 

5.2 Introduction 

 

The laudable goal of developing an improved understanding of structural, energetic and 

physical characteristics of non-covalent interactions has driven a range of recent experimental and 

theoretical studies.1–3 This is due to the importance of such interactions in molecular recognition, 

for example, which directs chemical, biological, and technological processes.2,4 For many decades, 

hydrogen bonding (HB) has been known to be the principal effect that governs the three 

dimensional structures of proteins, organic and organometallic molecules, and play a key role in 

the modulation of important reaction pathways.5,6 Consequently, the nature of HBs has motivated 

numerous scientific investigations but these have mainly focused on strong HBs formed by oxygen 

and nitrogen, while much less attention has been devoted to weak interactions, such as those 

involving sulfur. Sulfur HBs are dispersive in nature, and due to their strength, it had been assumed 
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that they are not the key factor that determines the structures of S-containing molecules. However, 

recent experiments have highlighted the influence of sulfur HBs in ruling processes and 

conformational preferences, such as the determination of the secondary structures of proteins.4 

Consequently, benchmarking, characterizing, and understanding the nature of sulfur HBs are of 

increasing interest in the literature.7–9 As recently reviewed by Biswal,4 many systems still need to 

be experimentally analyzed in order to correctly address the nature, strength, and directionality of 

sulfur interactions. 

 Important initial steps in the characterization of non-covalent interactions involve 

determining the structures of model systems and establishing their relative stabilities using 

spectroscopic techniques along with computational methods. When it comes to interactions with 

low binding energies, such as sulfur HBs, the experimental elucidation becomes challenging as the 

interactions are easily disrupted depending on the physical state or solvent, for example. Fourier 

transform microwave (FTMW) spectroscopy is a useful approach to address the dearth of 

experimental data in the literature on weak non-covalent interactions as the molecules are 

interrogated in the gas phase in a collision-free supersonic jet expansion isolated from crystal 

packing and solvent effects.2 Hence, the FTMW technique is a powerful method for the accurate 

determination of geometrical parameters associated with weak interactions, and for benchmarking 

purposes as shown by a few recent reports dealing with the characterization of sulfur HBs.7,8,10 

FTMW studies of S-containing compounds show that sulfur forms a variety of intra- and 

intermolecular non-covalent interactions in the gas phase, where it can act as a proton donor and/or 

proton acceptor, as shown for the S–H…S, S–H…O, and S–H…O=C HBs in the H2S dimer,7 

monohydrated clusters of furfuryl mercaptan,8 and in the monomer of 3-mercaptopropionic acid,10 

respectively. In the latest study, the biologically important interaction between a thiol and a 
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carbonyl group has been proven for the first time in the gas phase, where the importance of this 

interaction in ruling the conformational equilibrium of the investigated compound was highlighted.  

A related molecule for the study of intramolecular S–H…O=C HBs is methyl 

3-mercaptopropionate [HS–CH2–CH2–(C=O)–O–CH3]. The presence of a methyl group in the 

ester version can lead to complex splitting patterns in the rotational spectrum which also makes 

this molecule a prototype system for the investigation of methyl internal rotation barriers (V3) in 

esters and for probing the relationship between V3 and conformational preference.11–13 For 

thioacetic acid,11 for example, the anti conformation has an experimental V3 barrier that is 

approximately five times larger than the syn one mainly due to both steric repulsion and 

conjugative effects. In contrast, conformational differences in the cis and trans conformers of 

5-methyl furfural14 were shown to not play a role in the barriers for the methyl internal rotor. 

Determining the experimental V3 in a variety of systems is often difficult but necessary for the 

development of improved methodologies to accurately model the spectra and dynamics of 

molecules in the gas phase and beyond. For large, flexible molecular systems that adopt multiple 

conformations,11 such as methyl 3-mercaptopropionate, understanding the effects that govern the 

V3 barriers brings more challenges since their values can be a result of the competition between 

steric hindrance, electronic delocalization, and conformational relaxation. 

 In this paper, we report the first rotational spectroscopic investigation of methyl 

3-mercaptopropionate (3-MP) using chirped-pulse and cavity-based FTMW spectroscopy 

supported by quantum mechanical calculations. The observed spectrum of 3-MP is dominated by 

features that arise from two conformers (I and II) where the lowest energy one (I) is stabilized by 

an intramolecular HB involving sulfur. Further insights into the S–H…O=C HB are provided 

through the determination of an accurate experimental geometry for conformer I from analyzing 
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the spectra of five heavy atom isotopologues, and from the energies derived from the topological 

quantum theory of atoms in molecules and non-covalent interaction analyses. The experimental 

methyl internal rotation barriers for conformers I and II and the conformational influences on their 

values are analyzed in detail aided by computational models. Together, these results expand the 

current understanding of both sulfur HBs and the relationship between tunneling motions and 

conformational preference in the gas phase. 

 

5.3 Methods 

 

5.3.1 Computational Methods 

 

Theoretical calculations are first used to identify low-energy conformations and to derive 

relevant molecular properties, such as rotational constants and dipole moment components, which 

are crucial for the assignment of the conformers in the rotational spectrum. Based on the principle 

that each conformation has its unique rotational spectral fingerprint, comparison between 

experimental and calculated data is used to distinguish among the different species and to confirm 

the assignments. 

For 3-MP, forty-one possible geometries were identified using the Merck Molecular Force 

Field (MMFF94),15 implemented in the Marvin Sketch 16.10.10 program (ChemAxon version 

6.1). These geometries were further optimized using the DFT dispersion-corrected B3LYP 

functional with Becke-Johnson (BJ) damping, named B3LYP-D3(BJ),16–18 and the ab initio 

second-order Møller-Plesset (MP2)19 perturbation theory method with the aug-cc-pVTZ20 basis 

set. The chosen levels of theory have provided satisfactory results when compared to experimental 
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data for the carboxylic acid analog of 3-MP.10 Frequency calculations were also carried out to 

verify the nature of the stationary points and to derive the electronic energy with zero-point energy 

(ZPE) corrections and the Gibbs free energies at 298 K. The optimization and frequency 

calculations led to nine true energy minima with relative energies below 11.0 kJ mol-1. These 

calculations were carried out using the Gaussian 16 revision B.0121 software.  

Natural bond orbital (NBO),22 quantum theory of atoms in molecules (QTAIM),23 and non-

covalent interaction (NCI)24 analyses were performed to visualize and quantify intramolecular 

interactions in the observed conformers. These were carried out using the NBO 6.0,25 AIMAll,26 

and NCIPLOT27 programs, respectively. 

 

5.3.2 Experimental Section 

 

The pure rotational spectra of 3-MP (Sigma-Aldrich Canada, 98.0%) were recorded using 

chirped-pulse (CP) and Balle-Flygare28 Fourier transform microwave (FTMW) spectrometers, 

which have been described in detail previously.29,30 Briefly, liquid 3-MP (bp: 327 - 328K/ 1.8 kPa) 

was placed into a glass bubbler and neon (100 kPa) was used as a carrier gas to deliver the sample 

into the spectrometers’ high vacuum (P ~10-6 Torr) chambers through a pulsed nozzle (1 mm 

diameter). The pressure difference between the sample manifold and the chambers results in a 

supersonic jet, where the rotational temperature of the sample is cooled down to a few Kelvin 

favoring low-energy conformers. Initial measurements were performed using the CP-FTMW 

instrument, where the broadband spectra of the compound were recorded from 8-18 GHz in 

segments of 2 GHz. Final measurements were performed in the same frequency range using the 

Balle-Flygare FTMW spectrometer which provides better resolution and sensitivity. In this design, 
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the molecular beam is coaxial with the resonator axis and thus, all rotational transitions are split 

into two Doppler components. The transitions typically have line widths of ~7 kHz (FWHM), 

while the line positions are determined to within about ±1 kHz. 

 

5.4 Results  

 

The nine conformers of 3-MP are depicted in Figure 5.1, while their Cartesian coordinates 

are given in Tables S12-S20. The calculated relative energies and rotational parameters (rotational 

constants and dipole moment components) are provided in Table 5.1. We report the conformers 

with relative energies below 11.0 kJ mol-1 since only low-energy conformations are expected to 

be sufficiently populated in the supersonic jet expansion and consequently, observed in the 

rotational spectra. The conformers are labeled using Roman numerals, from I to IX which 

represents their order of stability based on the relative Gibbs free energies (∆G) from B3LYP-

D3(BJ)/aug-cc-pVTZ. 

The conformational behaviour of 3-MP reveals that the geometries adopted by its 

conformers have C–C–C–S dihedral angles of either approximately 60-70º or 180º, as exemplified 

by the structures of I and II in Figure 5.1, respectively. A similar conformational equilibrium has 

been recently observed for its carboxylic acid analog, 3-mercaptopropionic acid.10 For 3-MP, the 

presence of a methyl group in its structure results in a competitive conformational equilibrium 

where nine energy minima are significantly populated at room temperature. The three most stable 

conformers (I, II, and III) closely resemble those obtained for its acid analog such that the global 

minimum geometry has the hydrogen of the thiol group directly oriented towards the carbonyl of 

the ester. Energy calculations show that the most stable geometry is favored by at least 2.1 kJ mol-1 
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when compared to the remaining conformations. In the case of the higher energy conformations, 

close relative energies between specific geometries are observed, and their energy orderings and 

abundances vary depending on the level of theory, as exemplified by the theoretical results 

obtained for II and III (Table 5.1). Overall, the predicted rotational parameters for each conformer 

in the two levels of theory are consistent. 

Based on the fact that the intensity of the rotational transitions depends on the dipole 

components along the principal axes system and population of the rotational energy levels, 

populated species with sizeable dipole moments are good candidates to start with the experimental 

investigations. As all have sufficient dipoles, we focused first on the assignment of rotational 

transitions belonging to the most stable geometries of 3-MP. 
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Figure 5.1 Nine conformers of methyl 3-mercaptopropionate. Carbons, oxygen, sulfur and 

hydrogen atoms are depicted in grey, red, yellow, and white colours, respectively. 
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Table 5.1 Calculated rotational parameters and relative energies (DFT B3LYP-B3(BJ) and ab initio MP2, aug-cc-pVTZ) for the 

conformers of methyl 3-mercaptopropionate. 

 
 B3LYP-D3(BJ) MP2 

Conformer A/B/C[a] |μa|/|μb|/|μc|[b] ΔEZPE[c]/ΔG[d] P(ΔEZPE)[e]/ P(ΔG)[f] A/B/C[a] |μa|/|μb|/|μc|[b] ΔEZPE[c]/ΔG[d] P(ΔEZPE)/ P(ΔG) 

I 5046/1055/987 2.0/1.7/0.2 0.0/0.0 60.2/42.1 4916/1093/1021 2.0/1.9/0.2 0.0/0.0 61.0/44.6 

II 8256/796/739 1.8/1.6/0.6 4.2/2.1 11.6/18.6 8267/806/748 1.7/1.7/0.7 5.0/2.9 7.8/14.1 

III 4290/1101/1055 0.9/1.2/2.2 4.2/2.9 11.2/13.0 4099/1172/1107 0.6/1.2/2.5 4.2/2.9 11.0/14.6 

IV 5984/864/796 0.9/1.1/0.1 7.9/3.8 2.4/8.8 6025/876/808 0.8/1.1/0.2 8.4/4.6 2.2/7.0 

V 8160/807/745 1.3/0.5/0.0 6.3/4.2 2.3/3.9 8173/819/754 1.2/0.5/0.0 7.1/5.0 1.8/3.1 

VI 4163/1124/1060 0.5/0.9/1.0 8.4/5.4 2.0/4.4 3921/1219/1119 0.0/0.8/1.1 8.8/6.3 2.0/3.8 

VII 3422/1295/1180 0.2/0.2/2.1 6.3/5.8 4.7/4.2 3404/1346/1232 0.4/0.4/2.3 5.4/5.0 6.8/6.0 

VIII 3483/1294/1124 0.5/0.7/2.3 6.3/5.8 4.8/4.2 3474/1331/1171 0.4/0.6/2.6 5.4/5.0 6.4/5.6 

IX 3537/1249/1175 0.1/0.8/3.1 10.9/9.6 0.8/0.8 3519/1297/1231 0.4/0.6/3.4 10.0/9.2 1.0/1.2 

[a]Rotational constants (A, B, and C) in MHz; [b]Absolute values of the electric dipole moment components in D; [c]Relative energies with 

respect to the global minimum accounting for zero-point energy (ZPE) corrections in kJ mol-1; [d]Relative Gibbs free energies with 

respect to the global minimum calculated at 298K in kJ mol-1;[e]Population based on the relative energies with ZPE correction in %; [f] 

Population based on the relative Gibbs free energies in %. 
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To identify conformers in the rotational spectrum, we used the predicted data from Table 

5.1 to obtain a simulated spectrum for each using the PGOPHER program.31 Initial study of the 

CP-FTMW broadband spectrum led to the identification of two sets of R-branch a- and b-type 

rotational transitions belonging to two different conformers suggesting that the carriers are species 

with significant values of |μa| and |μb|. To confirm the quantum number assignments and predict 

related transitions for each, initial fits were carried out using the PGOPHER program. By 

comparing the experimental rotational constants with the calculated ones in Table 5.1, the assigned 

transitions were attributed to the parent species of conformers I and II which both have sizeable 

|μa| and |μb| dipole components. Additional measurements were carried out using the cavity-based 

FTMW spectrometer to record transitions with higher resolution and sensitivity. Despite accurate 

line positions, no c-type transitions could be assigned in the spectra of I and II which is consistent 

with the small predicted values of |μc|. 

The cavity-based spectra observed for the parent species of both conformers show complex 

patterns due to the A/E splitting of the methyl internal rotor. Surprisingly, for the less intense set 

of transitions, attributed to II, additional splitting ascribed to a torsional motion of the SH group 

around the C–C–S–H dihedral angle was also observed. We describe the methyl top and SH 

tunnelling motions in detail below. For conformer I, the intensities of the transitions were sufficient 

to proceed with the identification of the rotational transitions of its singly substituted 34S and all 

four 13C isotopologues in natural abundance. The spectra of the minor isotopes also exhibit the 

complex A/E splitting pattern which is analogous to the pattern observed for the parent species of 

I. A sample of the broadband spectrum illustrating some assigned rotational transitions for the 

parent species of both conformers and for the isotopic species of I is presented in Figure 5.2. Two 
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specific a-type transitions showing the very different splitting patterns observed for the parent 

species of I and II using the Balle-Flygare instrument are shown in Figure 5.3.  

 

 

Figure 5.2 Portion of the broadband CP-FTMW spectrum of methyl 3-mercaptopropionate 

highlighting some rotational transitions observed for the species of conformers I and II. In the 

figure, the A/E splitting cannot be distinguished on this scale. 



 
 

93 

 

Figure 5.3 Sample of the cavity-based rotational spectra showing the different splitting patterns 

observed for the parent species of conformers A) I and B) II. The splitting is due to the internal 

rotation of the methyl top (A/E) and the torsion motion of the SH group (+/-). 

 

The experimental transition frequencies for the parent and isotopic species of I were fit 

using the XIAM program32 which applies the combined axis method (CAM) to account for the 

methyl internal rotation. The program is suitable for relatively high barrier cases such as those 

experienced here. For II, on the other hand, due to the presence of the additional splitting, two 

different approaches were used to test which would provide a better model. First, separate XIAM 

fits were performed for each of the two tunnelling states associated with the torsion of the SH 

group, labeled by us as II+ and II-. This approach has also been used in the study of monohydrate 

complexes containing similar internal motions.33,34 Afterwards, we were also able to fit the A and 

E states independently using Pickett’s SPFIT program.35 Since the structures of both conformers 

are that of near prolate asymmetric tops, Watson’s S-reduced Hamiltonian36 in the Ir representation 
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was used for all performed fits. The experimental rotational, centrifugal distortion, and internal 

rotation constants for species I and II are shown in Table 5.2 and Table 5.3, respectively. The full 

lists of measured rotational transitions, assignments and residuals for the least squares fits are given 

in Tables S21-S30. 
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Table 5.2 Experimental spectroscopic parameters for the species of conformer I of 3-MP. Watson’s S-reduced Hamiltonian (Ir 

representation). 

[a] Number of lines in the fit; [b]Root-mean-square deviation of the fit; Values in [] were fixed to the calculated values. 

  

 Parent 34S 13C2 13C3 13C4 13C7 B3LYP-
D3(BJ) 

A (MHz) 5067.02148(76) 5026.1976(21) 5020.1700(33) 4992.109(40) 5063.684(51) 5049.805(66) 5046 
B (MHz) 1064.48640(79) 1040.28494(17) 1058.63732(41) 1064.47025(18) 1062.77678(21) 1043.83172(19) 1055 
C (MHz) 995.13673(89) 973.43053(18) 989.18841(39) 992.21527(17) 993.67461(23) 976.74003(22) 987 
DJ (kHz) 0.40681(50) 0.39954(66) 0.3987(13) 0.40117(56) 0.40595(67) 0.39227(69) 0.39 
DJK (kHz) -6.1099(29) -6.1497(71) -5.895(14) -5.9614(65) -6.1109(74) -6.0213(85) -6.00 
DK (kHz) 43.65(15) 44.27(37) [43.65] [43.65] [43.65] [43.65] 45.17 
d1 (kHz) 0.01276(53) 0.01050(75) 0.0106(19) 0.01026(87) 0.0136(10) 0.0124(11) 0.01 
d2 (kHz) -0.00359(28) -0.00231(46) [-0.00359] [-0.00359] [-0.00359] [-0.00359] -0.003 
V3 (kJ/mol) 5.0696(87) 5.0696(13) 5.0858(47) 5.0782(18) 5.0821(21) 5.0887(21)  
F0 (GHz) 161.12(26) [161.12] [161.12] [161.12] [161.12] [161.12]  
δ (rad) 0.6330(13) 0.6376(16) 0.6115(55) 0.6210(21) 0.6234(24) 0.6123(24)  
Iα (uÅ2) 3.1365(50) [3.1365] [3.1365] [3.1365] [3.1365] [3.1365]  
Na 117 101 53 51 47 41  
σb (kHz) 2.2 3.0 3.5 1.5 1.6 1.4  
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Table 5.3 Experimental spectroscopic parameter for the parent species of conformer II of 3-MP. Watson’s S-reduced Hamiltonian (Ir 

representation).  

 [a] Number of lines in the fit; [b]Root-mean-square deviation of the fit; Values in [] were fixed to the calculated values.

 XIAM SPFIT B3LYP-D3(BJ) 
 II+ (A+/E+) II- (A-/E-) A+/A- E+/E-  
A (MHz) 8242.8876(34) 8242.8885(43) 8244.1907(20) 8242.2278(57) 8256 
B (MHz) 801.74647(17) 801.74804(19) 801.74070(21) 801.73912(23) 796 
C (MHz) 744.12096(16) 744.12031(19) 744.12821(20) 744.12826(27) 739 
DJ (kHz) 0.02566(73) 0.02556(86) 0.02659(98) 0.0250(11) 0.02 
DJK (kHz) [0.21] [0.21] [0.21] [0.21] 0.21 
DK (kHz) [13.49] [13.49] [13.49] [13.49] 13.49 
d1 (kHz) [-0.002] [-0.002] [-0.002] [-0.002] -0.002 
d2 (kHz) [0.00009] [0.00009] [0.00009] [0.00009] 0.00009 
V3 (kJ/mol) 4.567(28) 4.563(36)    
F0 (GHz) 144.67(74) 144.32(99)    
δ (rad) 0.236(20) 0.227(24)    
Da (MHz)    19.271(17)  
Iα (uÅ2) 3.493(18) 3.502(24)    
Na 57 59 60 53  
σ b (kHz) 4.8 5.8 6.4 6.8  
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5.5 Discussion 

 

5.5.1 Rotational Spectroscopic Data  

 

The highly accurate experimentally-derived ground state rotational constants (A, B, and C) 

for 3-MP show good agreement with those of the equilibrium geometries obtained theoretically. 

This unequivocally confirms the assignment of conformers I and II. The B3LYP-D3(BJ) method 

provides the best match with the experimental data, where the largest deviation (~21 MHz) is 

observed for the A rotational constant of the parent species of I. The quartic centrifugal distortion 

constants (DJ, DJK, DK, d1, and d2) agree very well with the calculated ones obtained through 

anharmonic frequency calculations at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory, providing 

an additional check for the assignments. The B3LYP-D3(BJ) method also showed the best results 

for the carboxylic acid version of 3-MP, 3-mercaptopropionic acid.10 The experimental three-fold 

barrier to internal rotation V3, along with other internal rotor parameters, such as the rotational 

constant of the methyl top (F0), the angle between its α-axis and the principal a-axis of the 

molecule (δ), and its moment of inertia (Iα), were successfully obtained with the XIAM code.  

The parameters that were not well-determined in the fits were fixed to either the parent 

species values, as in the case of some centrifugal distortion and internal rotation constants for the 

singly substituted isotopes of I, or the calculated ones, as for some centrifugal distortion constants 

of II. In the case of the latter, we also performed both the XIAM and SPFIT fits by varying only 

DJ, while the other centrifugal distortions constants were set to zero. For the SPFIT fits, the errors 

in the fits were similar to those reported in Table 5.3 (σ = 6.4 kHz for A+/A-, and σ = 6.3 kHz for 

E+/E-), while for the XIAM fits the values of σ were 2.8 kHz and 7.0 kHz for II+ and II-, 
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respectively. With the constants fixed, satisfactory fits were obtained, which confirms that isotopic 

substitution does not significantly change the parameter values, and that the employed level of 

theory describes the system under investigation well.  

For conformer II, it is worth noting that the absence of cross-tunneling c-type rotational 

transitions in our spectrum prevented us from determining the energy difference between the 

A+/A- or E+/E- in the conformer II states in the SPFIT fits but the A and E states were fit 

independently. This fitting approach is typical for molecular systems having both an internal V3 

rotor and a separate tunnelling motion that involves the torsion of a water subunit in a complex, as 

specified previously in ref. 33 and 34. However, when the second tunneling involves ~120° 

rotation of a hydroxyl  (-OH) or even bigger group,37 the fits for the + and – states are coupled. 

Interestingly, this might be one of the first cases where a system containing tunneling splitting 

from both internal V3 rotation and another torsional motion provide reasonable independent fits 

without the consideration of Coriolis coupling effects. For example, in the rotational spectroscopic 

study of the formic–acetic acid complex,38 which presents complex splitting patterns due to 

coupled internal motions from methyl internal rotation and double proton transfer, the authors 

mention that they were not able to treat the A and E states independently since the fits for the E 

state were not satisfactory without the inclusion of transitions that connect the tunneling states. 

 

5.5.2 Tunneling Motions  

 

 The potential energy surface for the internal rotation of a methyl group possess three 

equivalent energy minima and gives rise to a non-degenerate (A) and two-fold degenerate (E) state 

which result in rotational transitions that are tunneling split. Figure 5.4 shows the theoretical 
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potentials for the rotation of the methyl group in conformers I and II where both B3LYP-D3(BJ) 

and MP2 methods predict the two geometries to have similar barriers to internal rotation of 

approximately 3.6 kJ mol-1 and 4.8 kJ mol-1, respectively. The experimentally determined 

three-fold barriers V3 obtained for each conformer are indeed similar and have values of about 5.1 

kJ mol-1 and 4.6 kJ mol-1 for I and II, respectively. Although it has been shown that conformational 

changes can lead to significant variations in V3, as shown in the rotational study of thioacetic acid 

for example,11 the differences in the geometries of I and II do not strongly affect the methyl internal 

rotation in 3-MP. Since the V3 barriers depend on steric hindrance and the electronic structure of 

molecules,11,14 the experimental outcomes in this work suggest that the electronic distribution of 

the methyl groups in I and II are very similar. Thus, even though I is expected to be stabilized by 

an S–H…O=C intramolecular hydrogen bond (IHB), this interaction does not seem to play an 

important role in the rotation of the methyl top. The experimental V3 barriers obtained for the 3-MP 

conformers are also similar to values reported in the literature for its smaller version (methyl 

thioglycolate, V3 ~ 4.9 kJ mol-1)39 and other studied systems containing esters as functional groups, 

such as its hydrocarbon version: methyl propionate (V3 ~ 5.1 kJ mol-1).40 By comparing the results, 

one can see that changes in the side chain of the molecule with respect to the ester group in those 

examples, such as the presence of a five-membered ring in the former, and the absence of the SH 

group in the latter, do not lead to significant variations in the internal of rotation of the methyl top.  
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Figure 5.4 Potential energy curves for the methyl internal rotation in conformers A) I and B) II. 

The plots were obtained using the B3LYP-D3(BJ) and MP2 methods with the aug-cc-pVTZ basis 

set by varying the C–O–C–H dihedral angle in 36 steps of 10 degrees each. 

 

To better understand the additional tunneling splitting observed in the rotational transitions 

of II, attributed to a torsional motion of the SH group, we performed scan calculations by rotating 

the C–C–S–H dihedral angle in 36 steps of 10 degrees each. This shows that the observed tunneling 

is characterized by a double-well potential energy function (Figure 5.5) that allows the 

interconversion between the two equivalent forms (mirror images) of II through a calculated 

energy barrier of approximately 7.0 kJ mol-1. The predicted barriers are consistent with the small 

splitting observed experimentally. 
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Figure 5.5 Potential energy curve for the torsional motion of the SH group in conformer II. The 

plot was obtained by the rotation of the SH group around the C–S bond in 36 steps of 10 degrees 

each using the B3LYP-D3(BJ) and MP2 methods with the aug-cc-pVTZ basis set. 
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5.5.3 Relaxation Pathways 

 

Despite an extensive experimental search, transitions due to other conformers were not 

identified in the rotational spectrum of 3-MP. The experimentally observed conformers I and II 

are predicted to account for more than 58.7% (Table 5.1) of the total conformational equilibrium 

(100.0%) at room temperature, while the remaining population is spread among the other true 

energy minima. Since we were able to detect transitions belonging to the 13C singly substituted 

isotopes of I which are about 1.0% of the intensity observed for the parent species, one may expect 

the observation of other higher energy conformations in the supersonic jet, such as conformer III 

(Table 5.1). 

To explore the absence of transitions related to additional geometries in the rotational 

spectra, we carefully investigated the complex conformational distribution and predicted 

relaxation pathways for the conversion of higher energy conformations to lower energetic ones. It 

is well known from empirical studies that in the supersonic jet expansion, energy barriers of re-

arrangements of ~4.8 kJ mol-1 or higher prevent relaxation and allow the observation of metastable 

conformers.41 For example, the only difference in the geometries of II and V is in the orientation 

of the SH group and thus, relaxation from V to II could take place in the supersonic jet depending 

on the energy required for this SH torsional motion. The conversion pathway from V to II, 

calculated by the rotation of the SH group in 24 steps of 10 degrees each (Figure 5.6A), reveals an 

energy barrier of approximately 3.2 kJ mol-1 – 3.9 kJ mol-1. Thus, V is expected to experience 

facile relaxation in the supersonic jet and will not be observed experimentally. Likewise, we 

carried out several scan calculations for possible relaxation pathways between other similar 

conformer pairs and the obtained potential energy curves are shown in Figure 5.7. The calculations 
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indicate that the following relaxations may occur during the experiments: V→II (3.2 kJ mol-1 – 3.9 

kJ mol-1), VI→I (0.0 kJ mol-1 – 0.3 kJ mol-1), VIII→I (2.3 kJ mol-1 – 2.9 kJ mol-1), and IX→VIII 

(1.1 kJ mol-1 – 1.6 kJ mol-1). Therefore, conformers V, VI, VIII, and IX are not expected to be 

observed experimentally. 

 

 

Figure 5.6 Conversion pathway between conformers A) II and V and B) III, I, and VI obtained by 

varying the torsional motion of the SH group. The potential energy curves were calculated using 

the B3LYP-D3(BJ) and MP2 methods with the aug-cc-pVTZ basis set. 

 

Theoretically, the barrier of conversion (approximately 8.4 kJ mol-1 – 7.6 kJ mol-1) from 

III to I (Figure 5.6B) would prevent its relaxation in the supersonic jet and III should be observed 

experimentally. It is worth noting that the conversion VI→I, which also involves the SH torsion 

motion, is estimated to be barrierless while that calculated from III→I is relatively high. The main 

reason for the high energy barrier in the latter is because in the conversion pathway from III to I, 

the transition state structure adopts a geometry where the SH group is oriented towards the 

non-carbonyl oxygen of the ester (C–C–S–H ≈ 0º) which likely increases the energy of conversion. 
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Although III should be metastable in the supersonic jet, its spectrum is dominated by c-type 

transitions and as only a few fall within the range of our spectrometer, a convincing assignment 

for conformer III was not attained.  

 

 

Figure 5.7 Conversion pathway between conformers A) VII, VIII, and IX B) I and VIII, C) VI, 

VII, and IX. The potential energy curves were calculated using the B3LYP-D3(BJ) and MP2 

methods with the aug-cc-pVTZ basis set. 
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5.5.4 Intramolecular Hydrogen Bond and Structural Determination Analysis  

 

To confirm the stability and to estimate the strength of the S–H…O=C intramolecular 

hydrogen bond (IHB) in conformer I, we carried out quantum theory of atoms in molecules 

(QTAIM) and non-covalent interactions (NCI) analyses. The NCI analysis (Figure 5.8A) shows a 

weak attractive (blue-greenish isosurface) interaction for the S–H…O=C close contact. The 

interaction is confirmed by the QTAIM analysis (Figure 5.8B) where a bond path (BP) and a bond 

critical point (BCP) are visualized between the thiol hydrogen and the carbonyl oxygen. The 

QTAIM molecular graph also shows a ring critical point (RCP) related to the repulsive interactions 

of the six-membered ring which arises upon HB formation. The energy of the S–H…O=C IHB can 

be estimated using the electronic potential energy at the BCP (VBCP), as EIHB = 0.5|VBCP|.42 The 

calculated EIHB in I is of about 6.6 kJ mol-1 which confirms the weak character of the S–H…O=C 

IHB. In addition to the QTAIM and NCI topological analyses, we also carried out the natural bond 

orbital (NBO) calculations at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory. The NBO results 

show charge transfer from both lone–pairs [LP1(O) and LP2(O)] of the carbonyl oxygen to the 

anti-bonding orbital of the S–H bond (σ*S–H), evidenced by LP1(O) → σ*S–H = 0.3 kJ mol-1 and 

LP2(O) → σ*S–H = 1.4 kJ mol-1 hyperconjugative interactions, which also confirms the occurrence 

of the weak S–H…O=C IHB in I. Overall, the three computational approaches suggest that the 

presence of the sulfur IHB in I is the main reason for its higher stability over the other conformers. 

The role of this interaction has also been shown to be the explanation for the stabilization of the 

global minimum geometry of its acid analog.10 
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Figure 5.8 A) NCI isosurface (s= 0.5 au; colour scale of -0.02 < ρ < 0.02) and B) QTAIM molecular 

graph of conformer I. ρ, ∇2ρ, and V are the electron density, its Laplacian, and the potential energy 

at the BCP S–H…O=C. 

 

Based on the experimental determination of the rotational constants for the parent species 

of I and its minor 34S and 13C singly substituted isotopic species, we derive key geometric 

parameters from its partial ground state geometry r0 using Kisiel’s STRFIT43 least squares fitting 

program. Since our interest lies in understanding the IHB S–H…O=C, we focused our structural 

determination on the bond lengths and angles associated with the six-membered ring formed due 

to the IHB. The set of 18 rotational constants were used to fit six parameters which are the S1–C2, 

C2–C3, and C3–C4 bond distances, S1–C2–C3 and C2–C3–C4 bond angles, and the S1–C2–C3–

C4 dihedral angle, while the other distances and angles were fixed to the values from 

B3LYP-D3(BJ)/aug-cc-pVTZ. By using the principal coordinates and their estimated uncertainties 

from the STRFIT outcome, the HB distance O5…H8 and angles C4–O5–H8 and S1–H8–O5, and 

the distance of the S1–H8 and C4=O5 bonds were determined trigonometrically along with their 

propagated uncertainties using the EVAL program.44 The values for the fit parameters and their 

associated uncertainties along with the equilibrium geometries obtained theoretically are shown in 
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Table 5.4. The derived parameters confirm the gauche arrangement of the backbone where the 

dihedral angle S1–C2–C3–C4 is equal to -68.9(2)º and reveal that the HB distance H8…O5 and 

angle S1–H8–O5 are 2.515(4) Å and 117.4(1)º, respectively. The H8…O5 is less than the sum of 

their van der Waals radii (~2.72 Å), and the angle S1–H8–O5 is consistent with those observed for 

six-membered ring HBs. The HB distance involving the carbonyl oxygen in I is slightly smaller 

when compared to the intermolecular S–H…O HB distance of 2.44(3) Å observed in the 

monohydrated cluster of furfuryl mercaptan.8 By comparing the hydrogen bond parameters 

obtained for the S–H…O=C in 3-MP with those for the six-membered ring O–H…O=C  in 

3-hydroxypropionic acid,45 once can see that the HB distance S–H…O [2.515(4) Å] in the former 

is slightly longer when compared to the O–H…O (2.127Å) in the latter. On the other hand, the 

angle S–H–O [117.4(1)º] is slightly smaller than the O–H–O (129.6º). The observed differences 

in the HB distances and angles are consistent with the fact that the oxygen analog is expected to 

present stronger HBs when compared to the sulfur one. Although weaker than the O–H…O=C, the 

experimental results in this work clearly shows the importance of the S–H…O=C IHB in ruling the 

conformational equilibrium of S-containing compounds, in particular, 3-MP. 
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Table 5.4 Ground state effective (r0) and equilibrium (re) (B3LYP-D3(BJ)/aug-cc-pVTZ) 

structural parameters determined for conformer I. Bond distances and angles are reported in 

angstroms (Å) and degrees, respectively. 

 

Parameter r0 re 

S1–H8 1.344(3) 1.344 

S1–C2 1.819(2) 1.834 

C2–C3 1.546(7) 1.520 

C3–C4 1.491(4) 1.510 

C4=O5 1.206(3) 1.207 

O5…H8 2.515(4) 2.552 

S1–C2–C3 114.1(1) 114.2 

C2–C3–C4 112.1(3) 113.1 

S1–H8–O5 117.4(1) 117.5 

C4–O5–H8 96.4(1) 95.6 

S1–C2–C3–C4 -68.9(2) -69.0 
 Values in italics were directly obtained from the STRFIT. 
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5.6 Conclusions 

 

The ground state rotational spectrum of methyl 3-mercaptopropionate was measured and 

analyzed in detail using chirped-pulse and cavity-based Fourier transform microwave 

spectroscopy from 8–18 GHz. Rotational transitions belonging to the two most stable conformers 

(I and II) were successfully assigned in the rotational spectra, and the lines present complex 

splitting patterns due to the methyl internal rotation and/or SH tunneling motion. The similar 

experimental V3 barriers for the two conformers reveal that the electronic distribution of I and II is 

not strongly affected by their geometrical differences. QTAIM, NCI, and NBO analyses show that 

conformer I is favored in the conformational equilibrium due to a stable S–H…O=C IHB, which is 

estimated to have an energy of about 6.6 kJ mol-1 based on the potential energy at the bond critical 

point. On the basis of the ground state effective (r0) and equilibrium (re) geometries of I, we were 

able to derive the experimental geometric parameters associated with the sulfur HB, which reveals 

that the HB distance and angle S–H–O are 2.515(4) Å and 117.4(1)º, respectively. The 

non-observation of additional conformers was rationalized based on their conversion pathways to 

lower energy forms and/or low population in the supersonic jet expansion. The present study 

provides key experimental data on sulfur HBs at the molecular level in isolation of crystal packing 

and solvent effects and serves as a benchmark for improved understanding and modelling of these 

important non-covalent interactions. 
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Chapter 6. Hydrogen Bonding Networks and Cooperativity 

Effects in the Aqueous Solvation of Trimethylene Oxide and 

Sulfide Rings by Microwave Spectroscopy and Computational 

Chemistry3 

 

This chapter reports on the microsolvation of the flexible four-membered rings 

trimethylene oxide (TMO) and sulfide (TMS) with one and two water molecules. As TMO and 

TMS rings have an effectively planar and a puckered structure, respectively, as a result of large 

amplitude ring puckering motions, different binding topologies are observed between each ring 

and the water molecules. The impact of water on the ring structures and the hydrogen bonding 

networks occurring in the hydrated complexes are reported in detail. In the last section of the 

chapter, theoretical calculations for analogous complexes formed with trimethylene selenide 

(TMSe) are included to evaluate the influence of the chalcogen atom substitution (O, S and Se) on 

the interaction energy of the complexes. 

 

6.1 Abstract 

 

The intermolecular interactions responsible for the microsolvation of the highly flexible 

trimethylene oxide (TMO) and trimethylene sulfide (TMS) rings with one and two water (w) 

molecules were investigated using rotational spectroscopy (8–22 GHz) and quantum chemical 

 
3 The content of this chapter is an adapted version of the article published in the Journal of Chemical 
Physics: Silva, W. G. D. P.; van Wijngaarden, J. Hydrogen Bonding Networks and Cooperativity Effects 
in the Aqueous Solvation of Trimethylene Oxide and Sulfide Rings by Microwave Spectroscopy and 
Computational Chemistry, J. Chem. Phys. 2021, 155, 034305.  
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calculations. The observed patterns of transitions are consistent with the most stable geometries of 

the TMO–w, TMO–(w)2 and TMS–w complexes at the B2PLYP-D3(BJ)/aug-cc-pVTZ level and 

were confirmed using spectra of the 18O isotopologue. Due to its effectively planar backbone, 

TMO offers one unique binding site for solvation while water can bind to the puckered TMS ring 

in either an axial or equatorial site of the heteroatom. In all clusters, the first water molecule binds 

in the σv symmetry plane of the ring monomer and serves as a hydrogen bond donor to the 

heteroatom. The second water molecule is predicted to form a cooperative hydrogen bonding 

network between the three moieties. Secondary C–H…O interactions are a key stabilizing influence 

in the trimers and also drive the preferred binding site in the TMS clusters with the axial binding 

site preferred in TMS–w and the equatorial form calculated to be more stable in the dihydrate. 

Using an energy partition scheme from symmetry-adapted perturbation theory for the O, S and Se 

containing mono- and dihydrates, the intermolecular interactions are revealed to be mainly 

electrostatic but the dispersive character of the contacts is enhanced with increasing size of the 

ring’s heteroatom due to the key role of longer-range secondary interactions.  

 

6.2 Introduction 

 

Accurate descriptions of non-covalent interactions are critical to achieve a comprehensive 

understanding of the driving forces behind important chemical phenomena including 

self-assembly, molecular recognition and the formation of supramolecular entities.1,2 As a first step 

in characterizing intermolecular interactions, key properties related to structure and dynamics can 

be derived from experimental studies of prototypical monomers and their complexes formed with 

partner molecules in supersonic jets.1,3 Clusters in which the binding partner is water are of 
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particular interest to model the first stages of aqueous solvation. A number of examples are found 

in the literature including studies of hydrates formed with linear species,4,5 rings6–8 or other small 

compounds including amines,9,10 ethers,11 thiols and alcohols.12 When high-resolution 

spectroscopy and quantum chemical calculations are combined and applied to such clusters, a 

detailed picture of the preferred binding sites, geometry, dynamics and the fundamental nature of 

the non-covalent interactions on a microscopic scale begins to emerge. 

Intermolecular interactions involving the four-membered rings trimethylene oxide (c-

C3H6O)(TMO) and trimethylene sulfide (c-C3H6S)(TMS) add an additional degree of complexity 

as the free monomers themselves are known to undergo a large amplitude ring puckering motion.13 

In both cases, the underlying potential energy surfaces along this coordinate are known to be 

double-well potentials with two equivalent minima corresponding to a non-planar ring backbone. 

In TMO, the barrier to planarity (15.52(5) cm-1)14 based on spectroscopic studies is well below the 

zero point energy resulting in an effectively planar geometry for the heavy atom backbone.15–23 As 

a result, the two lone pairs of electrons on oxygen offer equivalent binding sites for a partner 

molecule as seen through experimental measurements of the rotational spectrum of TMO 

complexes with Ar,24 HF,25 HCl26 and H2O.27 In TMS, the barrier to ring planarity (274(2) cm-1)28 

is much higher by comparison and the ground state geometry is that of a flexed ring as confirmed 

by tunnelling splitting in the microwave and rotationally-resolved infrared spectrum.28–31 As the 

ring backbone is puckered, the lone pairs on sulfur, which are oriented axially or equatorially to 

the ring, provide two potential binding sites for the partner molecule. This has been confirmed via 

the rotational spectra of TMS–HF32 and TMS–HCl33  which contain signatures due to two separate 

isomers. In addition to providing interesting model systems to probe the contribution of the 

heteroatom (O versus S) to the character of the non-covalent interaction, the TMO and TMS 
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monomers afford the opportunity to investigate the degree to which the binding partner quenches 

the large amplitude motion of the ring which may lead to subtle changes in its effective geometry. 

While the common assumption is that monomer geometries are not disrupted upon complexation,3 

Ottaviani et al. suggested that a 3o deviation from planarity of the ring was discernable from the 

millimeterwave spectrum of TMO–water (TMO–w) using deuterium and 18O enriched samples.27  

We describe herein a comprehensive study of the non-covalent interactions occurring in a 

series of water complexes formed with TMO and TMS in an effort to deduce how the geometry of 

the ring and the identity of the heteroatom affect the binding sites upon microsolvation by one and 

two water molecules. Using Fourier transform microwave (FTMW) spectroscopy, we report the 

first experimental observation of TMO–(w)2 and TMS–w including measurements with 18O 

enriched water for confirmation of the assignments. Furthermore, we have extended the work of 

Ottaviani et al.27 to the microwave region by measuring new transitions for TMO–w (and 18O 

water) including the first observation of the 13C isotopologues in natural abundance. For the three 

complexes, the observed spectral patterns are consistent with quantum chemical models at the 

B2PLYP-D3(BJ) and ab initio MP2 levels of theory which are extended to include predictions for 

TMS-(w)2 and the selenium containing analogs for comparison. To enhance our understanding of 

the physical origins of the non-covalent contacts responsible for each cluster, we employed 

multiple computational approaches including topological and energy decomposition methods. 
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6.3 Methods 

 

6.3.1 Experimental Methods 

 

The rotational spectra of TMO–w, TMO–(w)2 and TMS–w were measured using a chirped-

pulse (cp) and a cavity-based Balle-Flygare (BF) type Fourier transform microwave (FTMW) 

spectrometer which have been described previously.34,35 In each experiment, a gas mixture 

containing 1% of the monomer vapour from above a liquid sample of the compound (Sigma-

Aldrich Canada) in neon (100–300 kPa) was prepared at room temperature and seeded with water 

by passing it through a glass reservoir containing water or 18O enriched water (97%). The gas 

mixture was expanded into the high vacuum chambers using a pulsed nozzle (1 mm orifice) to 

create a rotationally-cooled, supersonic jet expansion. Broadband CP-FTMW spectra were initially 

recorded in 2 GHz segments from 8–18 GHz from which the most intense rotational transitions 

for the parent species of the complexes were identified. In the case of the TMO–w dimer, the 

spectral features were sufficiently intense to also observe sets of transitions consistent with the 

corresponding 13C isotopologues in natural abundance. Once a preliminary fit was obtained from 

the broadband spectrum, final frequency measurements were performed using the BF-FTMW 

instrument from 8–22 GHz which affords higher resolution and sensitivity. As the molecular beam 

and the resonator axis are coaxial in the BF-FTMW instrument, all rotational transitions appeared 

as doublets due to the Doppler effect. The measured transitions have linewidths of ~7 kHz 

(FWHM) and their positions were determined to within ~2 kHz. 
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6.3.2 Computational Methods 

 

Initial conformational searches for TMO–(w)n, TMS–(w)n and TMSe–(w)n (n=1,2) 

complexes were carried out at the GFN2-xTB36 level using the Conformer-Rotamer Ensemble 

Sampling Tool (CREST) available in the extended tight binding (xTB) program package.37,38 

Following the searches, optimization and harmonic frequency calculations were performed for all 

possible geometries using the density functional theory (DFT) B3LYP39-D3(BJ)40,41 method with 

Dunning’s aug-cc-pVTZ42 basis sets. For the TMO and TMS complexes, the geometries with 

relative energies within 10 kJ mol-1 were then subjected to optimization and frequency calculations 

using the double-hybrid B2PLYP43-D3(BJ) and ab initio MP244 methods with the aug-cc-pVTZ 

and Ahlrichs’ def-2TZVP45 basis set. The Boys and Bernardi’s counterpoise correction method46 

was included in all optimization and frequency calculations to account for the basis set 

superposition error (BSSE). All optimization and frequency calculations were performed using the 

Gaussian 16 program.47 

To visualize and quantify intermolecular interactions in the complexes, non-covalent 

interaction (NCI) and quantum theory of atoms in molecules (QTAIM) analyses were done using 

the NCIPLOT48 and AIMAll49 programs, respectively. Symmetry-adapted perturbation theory 

(SAPT) at the sapt2+(3)δMP250/aug-cc-pVTZ was performed using the Psi451 to comprehend the 

physical origins of the interactions behind the formation of the complexes.  
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6.4 Results  

 

A summary of the relative energies and spectroscopic parameters of the mono- and 

dihydrated complexes of TMO and TMS at the B2PLYP-D3(BJ) level is provided in Table 6.1 

while the results from MP2 calculations are given in Table S43. The corresponding equilibrium 

structures for the lowest energy forms are presented in Figure 6.1 (monohydrates) and Figure 6.2 

(dihydrates). As reported earlier by Ottaviani et al.,27 the optimized geometry of TMO–w is heavily 

dependent on the level of theory employed with DFT calculations identifying a near planar TMO 

subunit with one binding site at oxygen to form a O…H–O hydrogen bond (HB) with water in the 

ac-plane of the TMO monomer and MP2 calculations predicting a TMO ring that is puckered by 

~18o with two potential binding sites. This discrepancy is a result of the flatness of the potential 

energy surface along the TMO ring puckering coordinate and highlights the challenge of modelling 

compounds of this type. For the TMO–(w)2 trimer (Figure 6.2), the second water molecule binds 

on the same side of the TMO ring (in the ac-plane of the monomer) and is oriented as a HB donor 

to the first.  

As expected from studies of related weakly bound dimers with TMS,32,33 the quantum 

chemical results for TMS–w identify two potential binding sites (axial and equatorial, Figure 6.1) 

in the ac-plane of the puckered ring monomer to form a S…H–O interaction with the former being 

slightly lower in energy. In this case, axial and equatorial designation refer to the orientation of 

the lone pair on S which can be intuited by analogy to the position of the H atom on the opposite 

side of the puckered TMS ring. Interestingly, in the TMS–(w)2 trimer (Figure 6.2), by comparison, 

the lowest energy arrangement involves equatorial binding of the first water to sulfur with the 

second arranged as in the TMO analogue.   
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Figure 6.1 Equilibrium geometries (B2PLYP-D3(BJ)/aug-cc-pVTZ) of the conformers of TMO–

w and TMS–w from a side (left) and a top (right) view. In the side view, the monomer ac-plane is 

in the plane of the page while in the top this plane is represented by a dotted line. The axial and 

equatorial binding sites of TMS–w refer to the orientation of the lone pair on S which is analogous 

to that of the H atom on the opposite side of the ring.  
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Figure 6.2 Equilibrium geometries (B2PLYP-D3(BJ)/aug-cc-pVTZ) of the conformers of TMO–

(w)2 and TMS–(w)2 from a side (left) and a top (right) view. 
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Table 6.1 Calculated relative energies and spectroscopic parameters for the conformers of the 

mono- and dihydrated complexes of TMO and TMS. 

 TMO–w  TMO–(w)2  TMS–w  TMS–(w)2 
Parametera     axial equatorial  axial equatorial 
A/MHz 8415/8151b  3559/3522  4389/4401 4640/4638  2784/2760 2697/2701 
B/MHz 2624/2628  2042/2027  2522/2514 2365/2366  1505/1507 1675/1653 
C/MHz 2444/2470  1608/1589  2223/2219 2152/2151  1210/1204 1264/1251 
|μa|/D 2.1/2.1  0.6/0.5  0.8/0.7 0.7/0.6  0.2/0.0 0.3/0.4 
|μb|/D 0.0/0.0  0.1/0.0  0.3/0.1 0.2/0.1  0.0/0.3 0.3/0.1 
|μc|/D 0.4/0.5  0.4/0.4  0.0/0.0 0.0/0.0  0.5/0.5 0.5/0.5 
Complexation 
energy/kJ mol-1 -29.4/-28.2  -68.4/-68.2  -23.8/-23.1 -23.1/-22.3  -57.5/-58.2 -59.0/-59.3 

∆EZPE/kJ mol-1 ––  ––  0.0/0.0 0.7/0.8  1.1/1.0 0.0/0.0 
aRotational constants (A, B and C), absolute electric dipole moment components (|μa|, |μb| and |μc|), complexation 
energies accounting for basis set superposition errors and relative ZPE-corrected electronic (∆EZPE) energies; 
bB2PLYP-D3(BJ), aug-cc-pVTZ/def2-TZVP basis set. 
 

Based on the predicted spectroscopic parameters from Table 6.1, rotational transitions for 

the most stable conformers of TMO–(w)2 and TMS–w were observed for the first time using both 

normal and 18O enriched water samples. In the experiments involving gas mixtures with TMO, 

additional transitions due to TMO–w and its two singly substituted 13C species in natural 

abundance were also assigned using the millimeterwave spectrum of the parent as a guide.27 For 

this dimer, the 13C transitions exhibited a relative intensity ratio of ~2:1 (Cα:Cβ) due to the 

equivalence of the two α carbon atoms in the complex by symmetry. There was insufficient signal 

to detect the minor isotopologues of TMO–(w)2 and TMS–w in natural abundance as the overall 

transition intensities were nearly two orders of magnitude lower than for TMO–w as shown in 

Figure 6.3. Each set of rotational transitions were fit independently with Pickett’s SPFIT program52 

using Watson’s S-reduced Hamiltonian (Ir representation).53 The determined spectroscopic 

parameters for TMO–w are provided in Table 6.2 while those for TMO–(w)2 and TMS–w are 

shown in Table 6.3. The observed transition frequencies are listed in Tables S44–S46. 
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In an effort to observe transitions arising from the equatorial conformer of TMS–w, as 

reported for the dimers with HF32 and HCl,33 the CP-FTMW spectrum was recorded with helium 

as the carrier gas. Although this form is only slightly higher in energy (0.5–0.7 kJ mol-1, Table 

6.1), no candidate lines corresponding to the equatorial conformer were observed. This may be a 

consequence, to some extent, of the smaller a-dipole but likely indicates that relaxation to the 

lower energy axial form is feasible.  

 

 

Figure 6.3 Cavity BF-FTMW spectrum for the JKaKc’ – JKaKc” = 202 – 101 transition observed for 

A) TMO–w, 20 cycles and B) TMS–w, 220 cycles. 
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Table 6.2 Spectroscopic parameters for the assigned species of TMO–w 

Parametera Parent 18O Cα (equivalent) Cβ 
A/MHz 8097.89(99) 8069.52(85) 7974.10(99) 8016.70(68) 
B/MHz 2635.78669(99) 2478.6300(12) 2628.34996(42) 2597.2756(17) 
C/MHz 2488.11083(75) 2350.0202(12) 2468.67065(50) 2460.4851(49) 
DJ/kHz 20.716(26) 18.778(16) [20.716]b [20.716] 
DJK/kHz -69.10(14) -63.939(68) [-69.10] [-69.10] 
d1/kHz 2.433(23) 2.034(22) [2.433] [2.433] 
d2/kHz -0.070(16) -0.042(10) [-0.070] [-0.070] 

N 10 14 5 4 
σ/kHz 0.9 2.1 1.1 2.1 

μa/μb/μc y/n/n y/n/n y/n/n y/n/n 
Paa/amu Å2 166.23 178.17 166.82 168.48 
Pbb/amu Å2 36.89 36.90 37.91 36.93 
Pcc/amu Å2 25.51 25.74 25.47 26.11 

aRotational constants (A, B and C), quartic centrifugal distortion constants (DJ, DJK, d1, d2), number of fitted 
transitions (N), standard deviation of the fit (σ); electric dipole moment components μa/μb/μc “y” if 
transitions related to the dipole were observed and “n” if not observed; planar moments of inertia (Paa, Pbb 
and Pcc) obtained based on the rotational constants. bValues in brackets [ ] were fixed to the value 
determined for the corresponding parent species. The full set of calculations spectroscopic parameters at 
the B2PLYP-D3(BJ) level is provided in Table S47. The fits were done based on BF-FTMW measurements. 
 

Table 6.3 Spectroscopic parameters for the assigned conformers of TMO–(w)2 and TMS–w. 

Parametera TMO–(w)2
 TMS–w 

 Parent 18O Parent 18O 
A/MHz 3487.4632(91) 3304.9560(82) 4427.9958(52) 4427.168(70) 
B/MHz 2015.34068(93) 1916.26887(79) 2474.9504(16) 2323.79959(72) 
C/MHz 1572.87970(60) 1476.30949(56) 2194.9170(14) 2074.92694(71) 
DJ/kHz 1.7636(81) 1.5674(79) 5.178(22) 4.671(18) 
DJK/kHz 13.695(64) 12.944(65) 61.02(16) 58.47(53) 
d1/kHz -0.3733(70) -0.3491(65) -0.576(29) -0.482(12) 
d2/kHz -0.0148(55) -0.0397(56) 0.411(28) 0.351(26) 

N 13 16 12 10 
σ/kHz 1.7 2.0 2.4 0.9 

μa/μb/μc y/n/n y/n/n y/y/n y/n/n 
Paa/amu Å2 213.59 226.58 160.16 173.45 
Pbb/amu Å2 107.73 115.76 70.10 70.12 
Pcc/amu Å2 37.19 37.16 44.04 44.03 

aRotational constants (A, B and C), quartic centrifugal distortion constants (DJ, DJK, d1, d2), number of fitted 
transitions (N), standard deviation of the fit (σ); electric dipole moment components μa/μb/μc “y” if 
transitions related to the dipole were observed and “n” if not observed; planar moments of inertia (Paa, Pbb 
and Pcc) obtained based on the rotational constants. The full set of calculations spectroscopic parameters at 
the B2PLYP-D3(BJ) level is provided in Table S47. The fits were done based on BF-FTMW measurements. 
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Using the rotational constants for the observed isotopologues of TMO–w and TMS–w, 

substitution coordinates (rs) were derived using Kraitchman’s equations54 as implemented in the 

KRA routine.55 For TMO–w, experimental information for the 13C (this work) and deuterium 

isotopologues were available but were insufficient to derive the ring geometry without substitution 

at the position of the heteroatom. The labelled H218O sample, however, made it possible to 

experimentally confirm the position of water within the hydrated clusters both in the inertial frame 

of the complex and in the reference frame of the monomer. The latter was achieved by treating the 

water as a point mass (18.01056 amu) relative to the ring. A comparison between the calculated 

and substituted coordinates is provided in Table 6.4. 

 

Table 6.4 Kraitchman substituted atomic coordinates (Å) for the water oxygen in TMO–w and 

TMS–w. 

O atom - coordinate |a| |b| |c| 

 Exp. Calc.a Exp. Calc. Exp. Calc. 

TMO–w 2.4704(8) 2.48 0.00b 0.00 0.350(6) -0.35 

TMS–w 2.6024(6) 2.58 0.13(1) 0.14 0.00 0.00 
aB2PLYP-D3(BJ)/aug-cc-pVTZ; bImaginary values were set to zero. 

 

Table 6.5 Kraitchman coordinates (Å) for the center of mass (COM) of water relative to the 

principal axis system of the TMO and TMS monomers. 

 COM water 

Coordinate |a| |b| |c| 

TMO 1.951(3) 0.00 2.6967(6) 

TMS 0.00a 0.00 3.2697(5) 
aImaginary values were set to zero. 
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6.5 Discussion 

 

The experimentally-derived rotational constants of the TMO–w, TMO–(w)2 and TMS–w 

complexes are consistent with the lowest energy geometries predicted at the B2PYLP level of 

theory with both aug-cc-pVTZ and def2-TZVP basis sets in Table 6.1 and with the results from 

MP2 calculations (Table S43) (with the exception of TMO–w as mentioned above). The successful 

observation of transitions related to minor isotopic species based on these equilibrium geometries 

confirms that the effectively planar geometry of TMO and the puckered geometry of TMS 

(dihedral ∠C–C–C–S of ~18o) is retained following complexation with water. In the monohydrated 

clusters (Figure 6.1), the water molecule is positioned in the ac-plane (σv) of the heterocycle as 

supported by the close agreement between the planar moments associated with this plane (Pbb) in 

the TMO (36.99 amu Å2)20 and TMS (43.98 amu Å2)30 monomers and those corresponding to Pcc, 

the mirror plane of the TMO–w (36.89 amu Å2) and TMS–w (44.04 amu Å2) dimers. Further 

confirmation that the first water lies in the ac-plane of the TMO and TMS rings comes from the 

substitution coordinates in Table 6.5 which show that the center of mass of water has an imaginary 

b-coordinate (implying a near zero value).56 In the TMO–(w)2 trimer, the slightly larger Pcc value 

(37.19 amu Å2) relative to that of TMO–w is consistent with the slight rotation of the first water 

molecule in the trimer to move one hydrogen out of the symmetry plane as seen in Figure 6.2. This 

slight re-orientation presumably stabilizes the HB formed between the two water molecules. 

 Key information regarding the stability of the TMO–w and TMS–w dimers can be 

extracted from the QTAIM molecular graphs in Figure 6.4 that represent the non-covalent 

interactions as bond paths (black solid or dashed lines) between atoms. The primary contact in 

TMO–w is approximately three times stronger than the sulfur HB in TMS–w. This highlights the 
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weaker acceptor character of sulfur compared to that of oxygen and is consistent with the distances 

between the center of mass of water and the S (3.38 Å) or O (2.87 Å) heteroatoms of the ring from 

the Kraitchman analysis (adopting the equilibrium monomer geometries of TMO and TMS from 

B2PLYP-D3(BJ)/aug-cc-pVTZ calculations). The puckered geometry of TMS, however, permits 

the establishment of a secondary contact in TMS–w with a stabilizing energy of ~5.0 kJ mol-1 from 

the QTAIM results and is confirmed in the NCI calculations (Figure 6.4) by the presence of a green 

isosurface between Cβ–H and the O of water. It is interesting to note that although the axial 

conformer of TMS–w is ~0.5–0.7 kJ mol-1 (Table 6.1) more stable than the equatorial form, its 

dominant S…H–O interaction is slightly smaller by ~0.3 kJ mol-1 suggesting that the substantial 

secondary Cβ–H…O contact is the determining factor for the preferred axial binding site in TMS–

w. A similar experimental finding was reported for TMS dimers with HF32 and HCl.33 
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Figure 6.4 QTAIM molecular graphs with identified HB energies in kJ mol-1 (top) and NCI 

isosurfaces (bottom, s= 0.5, colour scale BGR -0.02 < ρ < +0.02) for the conformers of the TMO–

w and TMS–w. 

 

In moving to the dihydrated clusters (Figure 6.5), the topology of the HB interactions is 

significantly altered to accommodate the additional water molecule. While the first water serves 

as a HB donor to the ring heteroatom to form O…H–O or S…H–O primary interactions, it also acts 

as a HB acceptor for the second water molecule as depicted in Figure 6.5. In turn, the second water 

acts as both donor and acceptor as it binds to the first via O…H–O HB interactions and to the 

methylene groups of the rings through smaller secondary Cβ–H…O contacts. The intermolecular 

contacts established between the three components are examples of cooperative HB networks as 

observed for other water complexes.11,57 The result is the strengthening of the primary contact by 

more than 10 kJ mol-1 relative to the corresponding dimers due to the decreased HB distances (~0.1 

Å (B2PLYP-D3(BJ)/aug-cc-pVTZ) shorter for both trimers). Note that the primary interaction is 
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more pronounced in the TMO trimers than in the TMS trimers which is consistent with the weaker 

acceptor character of sulfur. 

 

 

Figure 6.5 QTAIM molecular graphs with identified HB energies in kJ mol-1 (top) and NCI 

isosurfaces (bottom, s= 0.5, colour scale BGR -0.02 < ρ < +0.02) for the conformers of the TMO–

(w)2 and TMS–(w)2. 

 

While the axial binding site was preferred in the TMS–w dimer, a surprising change is 

predicted in the relative energy ordering of the TMS–(w)2 as the equatorial form is ~1 kJ mol-1 

(Table 6.1) more favourable. As seen in Figure 6.5, this increased stability is due to the three weak 

contacts established between the second water and the methylene hydrogen atoms. In the axial 

conformer by comparison, the second water is not centered on the ac-plane of the TMS ring and 

forms non-covalent interactions with only two C–H groups (Figure 6.2 and Figure 6.5). This key 
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difference in the position of the second water is captured using the rotational constants based on 

the equilibrium geometries from Table 6.1 (B2PLYP-D3(BJ)/aug-cc-pVTZ) to estimate the Pcc 

values for the axial (49.83 amu Å2) and equatorial (44.64 amu Å2) conformers of TMS–(w)2, 

which show that, in the equatorial form, the second water molecule is more centered over the ring 

and close to the symmetry plane of the TMS monomer (43.98 amu Å2) and TMS–w (44.04 amu 

Å2) dimer.   

Finally, SAPT calculations provide deeper insights regarding the nature of the 

intermolecular interactions as the interaction energies are partitioned in terms of electrostatic, 

dispersive, inductive and exchange-repulsive components. In Table 6.6, SAPT results for the 

TMO, TMS, and TMSe hydrates are provided to evaluate the effect of the chalcogen atom on the 

stability of the complexes. As in the TMS clusters, the two most stable geometries of the Se 

containing complexes are predicted to adopt both axial and equatorial configurations (Figure 6.6) 

with the former being the most stable monohydrate and the latter favoured in the presence of two 

waters. For all complexes, the total interaction energies show a stability ordering of O > S > Se in 

accordance with the non-covalent interaction strengths derived from the QTAIM analysis (Figure 

6.4, Figure 6.5 and Figure 6.6 for the Se derivatives). From the partitioned energies, the 

electrostatic term is the main contributor to the stability of all clusters, but its role diminishes as 

the size of the heteroatom increases and this trend is partially offset by an increase in the % 

contribution from dispersion. This is particularly true for the monohydrates of the S and Se 

heterocycles which exhibit the longer range Cβ–H…O contacts due to the puckered geometry of 

the ring. Although these secondary interactions are smaller than the primary HB with the 

heteroatom of the ring, they clearly drive the energetic preference for the axial form of TMS-w 

and TMSe–w and the equatorial conformers of TMS–(w)2 and TMSe–(w)2.  
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Figure 6.6 . QTAIM molecular graphs (left) and NCI isosurfaces (right, s= 0.5, colour scale 

BGR -0.02 < ρ < +0.02) for the conformers of TMSe–(w) and TMSe–(w)2. 
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Table 6.6 SAPT results (in kJ mol-1) for the mono- and dihydrates of TMO, TMS and TMSe 

obtained at the SAPT2+(3)δMP2/aug-cc-pVTZ level of theory. 

Complex Electrostatic Induction Dispersion Exchange Total 

TMO–w -44.1 (57.0)a  -16.3 (21.1) -17.0 (22.0) 48.0 -29.4 

TMO–(w)2 -63.1 (54.4) -25.6 (22.1) -27.3 (23.5) 67.2 -48.9 
      

TMS–w axial -31.9 (51.9) -12.4 (20.2) -17.2 (28.0) 38.1 -23.4 

TMS–w equatorial -29.3 (50.7) -11.9 (20.6) -16.6 (28.7) 34.8 -23.0 

TMS–(w)2 axial -47.1 (50.6) -21.7 (23.3) -24.3 (26.1) 56.4 -36.7 

TMS–(w)2 equatorial -48.0 (49.0) -23.2 (23.7) -26.8 (27.3) 58.9 -39.1 
      

TMSe–w axial -30.0 (51.2) -11.9 (20.3) -16.7 (28.5) 36.3 -22.4 

TMSe–w equatorial -28.3 (49.3) -11.8 (20.5) -17.3 (30.2) 35.3 -22.1 

TMSe–(w)2 axial -46.0 (49.6) -22.2 (23.9) -24.6 (26.5) 57.0 -35.7 

TMSe–(w)2 equatorial -45.6 (48.2) -22.5 (23.8) -26.4 (27.9) 56.6 -37.9 
aValues in brackets ( ) represent the contribution of that term (in percentage) to the total stabilizing energy 
(electrostatic + induction + dispersion). 
 

6.6 Conclusions 

 

The factors governing the aqueous microsolvation of the four-membered heterocycles 

TMO and TMS were explored using FTMW spectroscopy and quantum chemistry. The 

establishment of intermolecular contacts with water does not appear to have a discernable effect 

on the geometry of the ring monomers and the preferred binding sites for the solvent depend on 

the capacity to form primary and secondary HB contacts with the heteroatom and methylene 

groups of the ring, respectively. The latter interactions were found to be a strong influence on the 

position of water in the TMS containing clusters due to its puckered ring geometry. For the 

dihydrated rings, cooperative hydrogen bonding networks identified through QTAIM calculations 
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provide additional stability for the clusters through an increase of the primary HB contacts by more 

than 10 kJ mol-1 and through formation of additional secondary HB contacts which were confirmed 

by NCI calculations. SAPT analysis captures the nature of these secondary interactions as an 

increase in the % dispersion character and also confirms that the greater stability of the TMO 

complexes over those formed with the S (and Se) analogues is due to greater electrostatic 

contributions to the interaction energy. These seemingly small but significant differences highlight 

the importance of modelling the stepwise solvation of flexible molecules and the central role of 

long-range interactions in driving this process. 
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Chapter 7. Characterization of Large Amplitude Motions and 

Hydrogen Bonding Interactions in the Thiophene–Water 

Complex by Rotational Spectroscopy4 

 

In the previous chapter, it was shown that the complex formed between water and the 

saturated heterocycles TMO and TMS are driven primarily via O–H…S and O–H…O hydrogen 

bonds in which the heteroatoms constitute the preferred binding site for the water molecule. In this 

chapter, the intermolecular complex between water and a sulfur heteroaromatic compound 

(thiophene) is discussed and compared to results from the literature for its oxygen (furan) and 

nitrogen (pyrrole) counterparts. The thiophene–water complex was shown to be very dynamic 

undergoing large amplitude motions associated with internal dynamics of the water molecule 

which made the determination of the location of water within the complex very challenging. By 

modelling the energy barriers related to the water motions and observing transitions for the singly 

substituted 18O isotopologue, the geometry of the complex is determined to be highly averaged 

over the interconversion between two forms of the global minimum. The details of the observed 

geometry and its non-covalent interactions are discussed below. Surprisingly, while water still 

binds to furan and pyrrole through hydrogen bonding interactions involving the heteroatoms, the 

topology of the interactions in the thiophene–w complex is unique with the π-electron cloud of the 

ring being the most favoured interaction site for the water subunit while the sulfur atom is involved 

in secondary interaction.  

  

 
4The content of this chapter is an adapted version of the article published in the Journal of Physical 
Chemistry A under the citation: Silva, W. G. D. P.; van Wijngaarden, J. Characterization of Large-
Amplitude Motions and Hydrogen Bonding Interactions in the Thiophene–Water Complex by Rotational 
Spectroscopy, J. Phys. Chem. A 2021, 125, 3425–3431. Copyrights © 2021 American Chemical Society. 



 
 

 
 

144 

7.1 Abstract 

 

The rotational fingerprint of the thiophene–water complex was investigated for the first 

time using Fourier transform microwave spectroscopy (7–20 GHz) aided by quantum mechanical 

calculations. Transitions for a single species were observed and the rotational constants for the 

parent and 18O isotopomers are consistent with a geometry that is highly averaged over a barrierless 

large amplitude motion of water that interconverts two equivalent forms corresponding to the 

global minimum (B2PLYP-D3(BJ)/def2-TZVP). In this effective geometry, the water lies above 

the thiophene ring close to its σv plane of symmetry. The observed transitions are split by a second 

water-centered tunneling motion that exchanges its two protons by internal rotation about its C2 

axis with a calculated barrier of ~2.7 kJ mol-1 (B2PLYP-D3(BJ)/def2-TZVP). Based on quantum 

theory of atoms in molecules, non-covalent interaction and symmetry-adapted perturbation theory 

analyses, the observed geometry enables two intermolecular interactions (O–H…π and O–H…S) 

whose electrostatic and dispersive contributions favour formation of the thiophene–water 

complex. 

 

7.2 Introduction 

 

Non-covalent interactions involving aromatic rings play a key role in many chemical and 

biological processes such as molecular recognition, aggregation and protein folding.1,2 Despite 

their importance, accurate experimental and computational descriptions of the molecular level 

forces involved in solvation of an aromatic molecule remain challenging even for small 

prototypical systems such as 1:1 solvent–solute molecular aggregates.3–5 When a solvent molecule 
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approaches an aromatic ring, interactions may be formed with the π-electron clouds of the ring, 

either at its center or on a C=C bond, or with the aromatic hydrogens in which the solvent may 

serve as a proton donor and/or acceptor.6 The scenario is more complicated for aromatic 

heterocycles as additional contacts may be established with the heteroatom.3–5,7,8 The presence of 

multiple potential binding sites with interaction energies that are often sensitive to the 

computational levels chosen affirm the importance of experimental studies of isolated solvent–

solute complexes. 

Coupled with the complexity described above, rotational spectroscopic studies of the 

monohydrated complexes of pyrrole (pyrrole–w)4,9, pyridine (pyridine–w)5 and thiazole (thiazole–

w)8 revealed that due to a shallow potential energy surface around the global minimum geometry, 

the ground state structures of these complexes, stabilized by N–H…O (pyrrole–w) and N…H–O 

(pyridine–w and thiazole–w) hydrogen bonds (HB) in which the oxygen atom of water lies in the 

same plane as the heterocyclic structure, are highly influenced by large amplitude motions. These 

motions (not typically captured by routine computational methods) are associated with the internal 

dynamics of water and may lead to tunneling splittings in the rotational spectrum depending on 

the barrier height. Although the water complexes of the oxygen and sulfur counterparts of pyrrole, 

namely furan and thiophene, have not been investigated by rotational spectroscopy, their 

vibrational spectra were reported by Ar matrix FTIR (Fourier transform infrared) spectroscopy.10 

While for furan–w the IR spectrum was consistent with a single geometry with the oxygen of water 

in the plane of the ring and stabilized by a O–H…O HB in agreement with computational results,7 

for thiophene–w, the dominant species in the matrix is governed by a weak C–H…O interaction 

with all heavy atoms in one plane. This was rather unexpected as the lowest energy conformer is 

predicted to have the water molecule above the plane of the thiophene ring and to be stabilized by 
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a O–H…π interaction.10 The vibrational spectrum of thiophene–w thus raises the question of 

whether the preferred binding site of water in this complex is in fact ruled by a C–H…O interaction 

or if the observed results were affected by matrix effects. In any case, previous investigations have 

shown that water preferentially binds to the more electronegative heteroatoms in pyrrole, pyridine, 

thiazole and furan (with the oxygen of water lying in the same plane as the ring) whereas 

interactions with thiophene are intrinsically different in nature. This is likely due to the less 

electronegative sulfur atom. 

Herein, we describe the first investigation of the thiophene–w complex using high 

resolution rotational spectroscopy to resolve the discrepancy between experiment (matrix IR) and 

theory in terms of the most stable geometry of the dimer. Rotational spectroscopy is the ideal tool 

for this as the patterns of transitions are governed by the moments of inertia providing confirmation 

of the underlying geometry. Additionally, the supersonic jet is a collision-free environment where 

species are studied in isolation of solvent and matrix effects. Our combined quantum chemical and 

spectroscopic study establishes that the ground state structure of thiophene–w is highly averaged 

over a barrierless large amplitude motion that interconverts two equivalent forms of the complex 

corresponding to the global minimum. The interactions governing the formation of the complex 

were investigated using quantum theory of atoms in molecules (QTAIM)11 and non-covalent 

interaction (NCI)12 analyses. The nature of the intermolecular interactions forming the thiophene–

w complex were studied using symmetry-adapted perturbation theory (SAPT)13 calculations and 

are compared with theoretical results derived here for the related species pyrrole–w, furan–w and 

benzene–w. The analyses show that the observed complex is stabilized by O–H…π and O–H…S 

HB while SAPT calculations show that thiophene behaves more like a benzene molecule when 

binding to water than other heterocycles. 
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7.3 Methods 

 

7.3.1 Experimental Methods 

 

The rotational fingerprints of the thiophene–w complex were investigated from 7–20 GHz 

using a broadband chirped-pulse (CP) and a cavity-based Balle-Flygare (BF) type Fourier 

transform microwave (FTMW) spectrometer. Both instruments have been described in detail 

previously.14,15 To produce the complex, a gas mixture of ~1% thiophene (99%, bp: 357K, Sigma-

Aldrich Canada) seeded in neon was prepared at room temperature and subsequently bubbled 

through a reservoir containing water (or water enriched with 18O for isotopic measurements). The 

resulting gas mixture (thiophene + water) was then delivered inside the high vacuum chambers (P 

~ 10-7 kPa) of the instruments using a pulsed nozzle (1 mm orifice) which creates a supersonic jet 

expansion. In the jet, the molecules are probed in a collision-free environment where the rotational 

temperature is cooled to a few Kelvin. Initially, a broadband survey spectrum was collected with 

the CP-FTMW instrument from 8–18 GHz in segments of 2 GHz from which the most intense 

rotational transitions of the parent and 18O species of the thiophene–w complex were identified. 

Final frequency measurements were performed using the BF-FTMW spectrometer from 7–20 GHz 

which features higher resolution and sensitivity. In a typical BF-FTMW experiment, the recorded 

transitions have widths of ~7 kHz (FWHM) while the uncertainty in line positions is ±2 kHz. The 

transitions are split into two Doppler components due to the collinear arrangement of the molecular 

beam and the resonator axis. 
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7.3.2 Computational Methods 

 

The possible geometries of the thiophene–w complex were identified by performing a 

conformational search using the conformer-rotamer ensemble sampling tool (CREST)16 as 

implemented in the extended tight binding (xTB) program.17 The search found 28 plausible 

structures for the complex which were fully optimized at the double-hybrid 

B2PLYP18-D3(BJ)19,20/def2-TZVP21 level of theory. For the optimization calculations, we used a 

tight convergence criteria given the characteristic shallow potential energy surface of related water 

complexes and included the Boys and Bernardi’s counterpoise22 method to account for the basis 

set superposition error (BSSE). Harmonic frequency calculations were also carried out at the same 

level of theory to verify the nature of the stationary points and to obtain relative energies with zero-

point correction (ZPE) and quartic centrifugal distortion constants. The optimization and 

frequency calculations confirmed the presence of only four unique conformers (out of the 28 initial 

geometries from CREST) for thiophene–w at the B2PLYP-D3(BJ)/def2-TZVP level. To obtain 

energy barriers associated with the interconversion between conformers, transition state structures 

were optimized at the B2PLYP-D3(BJ)/def2-TZVP level and were confirmed to be true by the 

presence of a single imaginary frequency. All optimization and frequency calculations were carried 

out using the Gaussian 16 program.23  

To visualize the intermolecular interactions occurring in thiophene–w, we performed 

QTAIM11 and NCI12 analyses using the AIMALL24 and NCIPLOT25 programs, respectively. The 

nature behind the formation of the thiophene–w dimer was further investigated by decomposing 

the complex interaction energy into four physically meaningful components (electrostatic, 

dispersion, induction and exchange) using a SAPT analysis.13 We also carried out SAPT 
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calculations for related complexes such as furan–w, pyrrole–w and benzene–w and compare the 

results with those obtained for thiophene–w. All SAPT calculations were performed at the 

SAPT2+(3)δMP226/def2-TZVP level using the Psi4 code.27 

 

7.4 Results  

 

The conformational search using CREST followed by higher level quantum chemical 

calculations suggest that water can interact with thiophene to form four stable conformers (I, II, 

III and IV, Figure 7.1) numbered in order of increasing energy. The Cartesian coordinates for their 

equilibrium structures at the B2PLYP-D3(BJ)/def2-TZVP level are given in Appendix D in Tables 

S48–S51 of the supporting information (SI) file. The calculated zero-point corrected relative 

energies, rotational constants and electric dipole moment components of each conformer are 

provided in Table 7.1. Although these four conformers have been reported10 theoretically, we 

decided to extend the computational work on the thiophene–w complex to include B2PLYP-

D3(BJ)/def2-TZVP calculations. This level of theory is known4,8,28 to provide accurate estimates 

for the rotational parameters of water complexes facilitating the assignment of the different species 

in the rotational spectrum. 

Based on the quantum mechanical calculations from Table 7.1, conformer I is predicted to 

be the global minimum geometry for the complex and appears to be stabilized by O–H…π 

interactions in which one hydrogen of water binds to the π-orbital of a C=C bond while the other 

hydrogen atom is directed above the middle of the ring (Figure 7.1). This is contrary to the most 

stable conformer reported for the monohydrates of furan (O…H–O),7 pyrrole (N–H…O)4, thiazole 

(N…H–O)8 and pyridine (N…H–O)5 where the center of mass of water lies in the plane of the ring 
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such that water binds to the most electronegative heteroatom or with the hydrogen attached to it in 

the case of pyrrole. The structure reported to be the most abundant based on the Ar matrix IR 

spectrum,10 forming a C–H…O HB (conformer II in this work), is predicted to be at least 2.4 kJ 

mol-1 (Table 7.1) less stable than conformer I at the B2PLYP-D3(BJ)/def2-TZVP level. 

 
Figure 7.1 Four conformers of the thiophene–w complex obtained at the B2PLYP-D3(BJ)/def2-

TZVP level of theory. 
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Table 7.1 Calculated relative energies with zero-point correction (ΔEZPE), rotational constants (A, 

B, C) and electric dipole moment components for the conformers of the thiophene–w complex 

obtained at the B2PLYP-D3(BJ)/def2-TZVP level of theory. 

Conformer ΔEZPE (kJ mol-1) A/B/C (MHz) μa/μb/μc (Debye) 

I  0.0 3461/1983/1788 2.2/0.5/0.7 

II  2.4 5550/1325/1075 2.4/0.3/0.0 

III  2.5 5845/1587/1287 0.8/0.9/1.1 

IV  4.4 7030/1092/949 3.0/0.0/0.0 

 

As the rotational signature of the thiophene–w complex has not been previously reported, 

the calculated parameters from Table 7.1 were used to guide the spectroscopic assignment. In the 

rotational spectrum, we observed transitions belonging to the thiophene monomer and new sets of 

lines which were assigned to conformer I of thiophene–w. The assigned lines were a-type R-branch 

transitions, consistent with the large |μa|= 2.2 D for conformer I and showed a tunneling splitting 

which was readily recognized in the CP-FTMW spectrum. The assignments were confirmed by 

measuring transitions for the singly substituted 18O species (obtained from experiments using 

H218O) which were also split into tunneling doublets. For both parent and 18O species, the tunneling 

components presented an intensity ratio of ~3:1 based on the cavity BF-FTMW measurements. 

The two tunnelling states for each isotopomer were fitted independently with Pickett’s SPFIT 

program29 using a Watson’s S-reduced Hamiltonian (Ir representation)30 to yield the spectroscopic 

parameters shown in Table 7.2. The complete line lists containing the transition frequencies and 

fit residuals are given in Tables S52–S53. The transitions for the two tunneling states were labeled 

as ‘lower’ and ‘upper’ in Table 7.2 which refer to the sets of lines observed at lower and higher 

frequency, respectively. Despite the sizeable |μb|= 0.5 D and |μc|= 0.7 D dipole components 

predicted for conformer I and a careful search, neither b- nor c-type transitions could be observed 
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in the spectrum. Transitions consistent with other conformers of thiophene–w were not observed 

despite the fact that the μa-dipole of conformer II is predicted to be greater than that of conformer 

I. 
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Table 7.2 Spectroscopic parameters obtained for the observed species of the thiophene–w complex. 

 Parent 18O   

Parameter Lower Upper Average Lower Upper Average B2PLYP-D3(BJ)f  

A/MHza 3300.1290(71) 3340.8600(76) 3320.4945 3294.40(11) 3334.33(24) 3314.365 3461  

B/MHz 2089.06830(34) 2093.94782(35) 2091.50806 1961.2425(25) 1965.9168(27) 1963.57965 1983  

C/MHz 1879.73050(24) 1885.01782(25) 1882.37416 1773.7528(25) 1778.5700(35) 1776.1614 1788  

DJ/kHzb 6.5214(48) 6.0429(52) 12.5643 5.73(12) 5.19(16) 5.46 8.612  

DJK/kHz 39.537(47) 34.503(50) 37.020 [39.537]e [34.503] 37.020 5.282  

d1/kHz -1.2704(44) -1.1675(44) 1.21895 [-1.2704] [-1.1675] 1.21895 1.214  

d2/kHz 0.2545(36) 0.1234(54) 0.18895 [ 0.2545] [ 0.1234] 0.18895 -0.425  

Nc 29  13    

σ/kHzd 0.7  4.8    

aRotational constants (A, B and C), bquartic distortion constants (DJ, DJK, d1, d2), cnumber of fitted transitions (N), dstandard deviation of the fit (σ); 
eValues in brackets [ ] were fixed to the value derived for the parent species. fdef2-TZVP basis set.
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7.5 Discussion 

 

Based on comparison of the experimentally-derived rotational constants with the quantum 

chemical predictions from Table 7.1, it is evident that the measured spectrum of thiophene–w is 

closest to that expected for conformer I, the global minimum geometry. This establishes that the 

O–H…π HB is the dominant interaction that favours complex formation. Our results, based on the 

rotational spectrum of the isolated dimer, differ from those derived from IR experiments in which 

the C–H…O bound conformer II was purported to be the major species, however, this may have 

been influenced by matrix effects.10 Although the experimental rotational constants (Table 7.2) for 

conformer I are consistent with the calculated values (Table 7.1), the discrepancies are larger than 

one might expect as are the differences in the centrifugal distortion constants (Table 7.2). From 

the absence of b- and c-type transitions and the observation of a tunneling splitting in the spectrum, 

it is clear that internal motions associated with the water molecule must be investigated to 

understand the spectrum of thiophene–w. In previous studies of the related pyrrole–w,4,9 thiazole–

w8 and pyridine–w5 complexes, for example, no c-type transitions were detected in the rotational 

spectrum despite sizeable |μc| due to internal dynamics of water which average the dipole along 

the c-axis to zero. 

Based on the geometry of conformer I as shown in Figure 7.2, there is an equivalent form 

in which the O–H…π interaction is established on the opposite side of thiophene’s σv plane. In 

Figure 7.2, we investigate two possible pathways (Path 1 and Path 2) for interconversion between 

Ia and Ib and their corresponding transition states whose natures are confirmed by the observation 

of a single imaginary frequency at the B2PLYP-D3(BJ)/def2-TZVP. The calculated energy 

barriers for Path 1 and Path 2 are very low; on the order of 0.4 kJ mol-1 and 0.8 kJ mol-1 (B2PLYP-
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D3(BJ)/def2-TZVP). When ZPE corrections are taken into consideration, the interconversion 

between Ia and Ib is essentially barrierless as the barriers are lowered to -0.2 kJ mol-1 for Path 1 

and 0.4 kJ mol-1 for Path 2. This implies that the ground state structure is an effective one lying 

somewhere between that of Ia and Ib. The observation of averaged ground state structures as a 

consequence of large amplitude motions have been previously reported for monohydrated 

complexes of small heterocycles4,8 and flexible molecules such as 2-fluoroethanol.31  

 

Figure 7.2 Possible pathways (Path 1 and Path 2) and transitions states (TS-I and TS-II) for the 

interconversion between the two equivalent forms of conformer I (Ia and Ib) obtained at the 

B2PLYP-D3(BJ)/def2-TZVP level. 
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To better characterize the ground state geometry, we first used the experimental rotational 

constants of the singly substituted 18O isotopomer to derive Kraitchman’s32 substituted rs atomic 

coordinates (Table 7.3) for the oxygen of water using the KRA program.29 It is important to note 

that the obtained |c| coordinate was set to zero since it yielded an imaginary value in the analysis 

suggesting that the oxygen atom is close to the ab-plane of the complex. In Figure 7.3, we compare 

the position of water in the equilibrium geometry of conformer I and in the two transitions states 

(TS-I and TS-II); the atomic coordinates for these geometries are also given in Table 7.3. From 

the c-coordinates in particular, it is evident that the ground state geometry is closer to that of TS-I 

and TS-II (but slightly closer to that of TS-I) than to the equilibrium geometry of conformer I. To 

describe the geometry of thiophene–w in terms of the principal axis system of the thiophene 

monomer,33 a Kraitchman analysis was also performed treating the water molecule (mass 18.01056 

amu) as a substitution site of the thiophene monomer. This provided substitution coordinates {a, 

b, c} with absolute values of 0.523(3) Å, 0.267(6) Å and 3.3801(5) Å which places the center of 

mass of water slightly out of the ac-plane (σv) of thiophene (0.267(6) Å) which would be analogous 

to the c-coordinate in the TS of the thiophene–w complex (Figure 7.3 top). While this value may 

seem consistent with the magnitude of the c-coordinate of conformer I in its equilibrium form in 

Table 7.3, it is important to note that the axis system is shifted and rotated slightly in conformer I 

by comparison as shown in Figure 7.2. A more realistic picture of the position of water relative to 

the σv plane of thiophene in conformer I is seen in Figure 7.3 in the bottom left corner. As the 

oxygen atom (and its center of mass) is above the C=C bond, we can estimate that the distance to 

the σv plane of thiophene is around half the C–C bond distance (~1.4 Å). This result from treating 

water as a point is consistent with the other Kraitchman results in Table 7.3 that the ground state 

geometry is closer to that of a TS geometry than the equilibrium geometry. 
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Table 7.3 Kraitchman’s coordinates (in Ångstroms) with associated Costain errors obtained for the 

oxygen atom of water from the observed tunnelling states (Lower, Upper) and quantum chemical 

calculations (I, TS-I, TS-II). Refer to Figure 7.2 and Figure 7.3 for the axis systems from the 

equilibrium and transition state structures. 

 |a| |b| |c| 

Lower 2.8293(6) 0.411(4) 0
a
 

Upper 2.8245(7) 0.432(5) 0
a
 

 I 2.91 0.45 0.28 

TS-I 2.87 0.51 0.00 

TS-II 2.80 0.56 0.00 

a
Set to zero due to the presence of an imaginary value. 
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Figure 7.3 Comparison of the position of water in the equilibrium geometry of conformer I (green), 

TS-I (blue) and TS-II (red). Note that the axis system in the equilibrium geometry (bottom) is that 

given in Figure 7.2. 
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Additional information about the location of the water molecule within the complex can be 

derived from the planar moments of inertia obtained from the rotational constants. The Pcc values 

for the parent (62.26 amu Å2 and 63.10 amu Å2 for the upper and lower tunneling states, 

respectively) and 18O species (62.25 amu Å2 and 63.10 amu Å2) of thiophene–w, are very similar 

to the Pbb value reported for the thiophene monomer (62.87 amu Å2).34 This suggests that the water 

molecule lies largely in thiophene’s σv plane of symmetry. Similar results have been observed for 

the thiophene–HBr and thiophene–HCl complexes in which the HBr and HCl subunits are located 

on the σv plane of the thiophene ring.34 By comparing the experimental Pcc values of thiophene–w 

with those predicted computationally for conformer I (59.12 amu Å2), TS-I (62.57 amu Å2) and 

TS-II (63.65 amu Å2), the Pcc values of TS-I and TS-II (in particular TS-I) are closer to the 

experimentally derived values which lends further support to the position of the oxygen atom in 

the highly averaged ground state structure.  

The observation of a structure with the oxygen centered above the thiophene ring as in TS-I 

and TS-II is also consistent with the lack of c-type transitions in the spectrum as a motion via these 

transition states would average the dipole along the c-axis to zero as reported for pyrrole–w,4,9 

thiazole–w8 and pyridine–w.5 The absence of b-type transitions indicates that the ground state 

structure is more similar to TS-I as the predicted μb for this geometry is -0.1 D 

(B2PLYP-D3(BJ)/def2-TZVP) (compared with 0.5 D in conformer I and 1.2 D in TS-II). While 

the μb dipole component does not average to zero if the thiophene–w complex passes through TS-

I, its magnitude would be a very small relative to that of the μa dipole of 2.2 D which is consistent 

with our inability to observe b-type transitions. Collectively, the above observations from 

Kraitchman’s analysis, planar moments and selection rules, suggest that the water subunit 

undergoes a large amplitude motion within the thiophene–w complex via TS-I (Figure 7.2).  
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The rotational transitions of thiophene–w also displayed a tunneling splitting and as the 

large amplitude motion between Ia and Ib is essentially barrierless, this is likely associated with 

exchange of the two hydrogens of water via inertial rotation along its C2 axis. We estimated the 

barrier of this motion in the thiophene–w complex to be of about 2.7 kJ mol-1 (B2PLYP-

D3(BJ)/def2-TZVP) based on the geometry of TS-I. An analogous internal rotation of water led to 

tunneling splittings in the pyrrole–w4,9 and pyridine–w5 dimers.  

With novel insights regarding the effective ground state structure of the thiophene–w 

complex (compared with those of other heterocycles), we analyzed the interactions responsible for 

the formation of the dimer using QTAIM,11 NCI,12 and SAPT13 calculations. The calculations were 

performed for the optimized TS-I geometry since it is a reasonable model of the observed averaged 

ground state structure. In the QTAIM molecular graph of thiophene–w (Figure 7.4), a bond path 

(black dotted line) and a bond critical point (BCP, green dot) are observed between one hydrogen 

of water which acts as a HB donor and the C=C bond suggesting that a primary O–H…π interaction 

is responsible for the formation of the complex. Based on the electron potential energy (V) at the 

BCP, an interaction strength of ~5.1 kJ mol-1 (E= 0.5V)35 is obtained for the O–H…π HB which is 

approximately 4.6 times weaker than the O–H…N HB reported for thiazole–w8 for comparison. 

Although the observed geometry of thiophene–w seems to favour an additional S…H–O 

interaction, the QTAIM analysis did not detect it. This means that this interaction is either absent 

in thiophene–w or not strong enough to be captured by the QTAIM method. Thus, we also 

performed NCI calculations which is a more suitable approach for describing weaker, long-range 

interactions. The NCI isosurfaces (Figure 7.4), obtained from the electron density and its 

derivatives, confirm the primary O–H…π HB but also show the existence of the secondary O–H…S 
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contact in the complex in which water also acts as a HB donor. Both interactions are visualized by 

the blue-green isosurfaces in the interacting regions.  

 

Figure 7.4 QTAIM molecular graph (left) and NCI isosurface (right, s=0.5 and colour scale BGR: 

0.02 < ρ < +0.02) for the observed conformer of the thiophene–w complex. 

 

While the QTAIM and NCI analyses provide descriptions of each intermolecular 

interaction, SAPT analysis gives more quantitative knowledge of the nature behind the formation 

of the complex. We compare the SAPT results of thiophene–w with those for pyrrole–w, furan–w 

and benzene–w in Table 7.4. The total SAPT energies indicate that pyrrole and furan form the 

most stable complexes with water due to larger contributions from the electrostatic term. The 

preferred stability of these two complexes is consistent with the stronger N–H…O and O–H…O 

HBs they form with water in contrast to the weaker O–H…S and/or O–H…π HBs in thiophene–w 

and benzene–w. Although all complexes have the electrostatic energy as the most stabilizing term, 

representing at least ~48% of the total stabilization energy (electrostatic + repulsion + induction), 

a noticeable increase in the contributions from dispersion is observed from pyrrole–w (15.4%) < 
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furan–w (22%) < thiophene–w (36.8%) ~ benzene–w (38.0%). In the monohydrates of thiophene 

and benzene, the electrostatic and dispersive contributions are much more balanced which supports 

the idea that the O–H…π HBs are weaker, longer-range interactions and more dispersive in nature. 

Overall, from the SAPT results in Table 7.4, the nature of the interactions binding thiophene to 

water are more similar to those of benzene–w than for those of heterocycles such as furan and 

pyrrole. The preference of water to interact primarily with the π-system in thiophene rather than 

to the heteroatom as in furan,7 pyrrole4,9 and thiazole8 is explained by key differences in the 

electron density distribution in the heterocycles. While in furan and pyrrole the negative charges 

are concentrated around O and N due to their high electronegativity, in thiophene, the negative 

charge from the heteroatom is more dispersed into the ring making the π-systems the preferred 

binding site for the water molecule.10,34 

 

Table 7.4 Symmetry-adapted perturbation theory results for thiophene–w, benzene–w, furan–w 

and pyrrole–w obtained at the SAPT2+(3)δMP2/def2-TZVP level of theory. The values in brackets 

( ) represent the contribution of that term (in percentage) to the total stabilizing energy 

(electrostatic + induction + dispersion). 

Complex Total Electrostatic Induction Dispersion Exchange 

Thiophene–w -10.8 -11.6 (48.6%) -3.5 (14.6%) -8.8 (36.8%) 13.1 

Benzene–w -11.6 -13.5 (48.4%) -3.8 (13.6%) -10.6 (38.0%) 16.3 

Furan–w -12.1 -20.6 (59.6%) -6.4 (18.4%) -7.6 (22.0%) 22.5 

Pyrrole–w -22.4 -34.7 (65.9%) -9.9 (18.7%) -8.1 (15.4%) 30.3 
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7.6 Conclusions 

 

Combining rotational spectroscopy and quantum mechanical calculations, the geometry of 

the thiophene–w complex was established for the first time in isolation of solvent and matrix 

effects. The observed spectrum is consistent with a geometry that is highly averaged over a 

barrierless large amplitude motion which interconverts the two equivalent forms of conformer I 

corresponding to the predicted global minimum at the B2PLYP-D3(BJ)/def2-TZVP level of 

theory. In this effective geometry, the water molecule lies above the thiophene ring close to its σv 

plane of symmetry and forms the complex via O–H...π and S...H–O HBs as supported by the 

experimentally-derived planar moments, substitution coordinates for the water oxygen (from 18O 

measurements), QTAIM and NCI analyses. In addition to the above large amplitude motion, the 

transitions for the thiophene–w complex showed a tunneling splitting that is attributed to a water-

centered internal rotation about its C2 axis which exchanges the protons of water with a calculated 

barrier of ~2.7 kJ mol-1 (B2PLYP-D3(BJ)/def2-TZVP). Based on SAPT results, we show that a 

balance of electrostatic and dispersive forces contributes to the stabilization of the thiophene–w 

complex while for pyrrole–w and furan–w, the electrostatic term is dominant. This work on the 

thiophene–w dimer serves as a guide for future investigations on larger molecular complexes of 

thiophene with larger solvent shells. 
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Chapter 8. Targeting the Rich Conformational Landscape of 

N-Allylmethylamine Using Rotational Spectroscopy and 

Quantum Mechanical Calculations5 
 

In this chapter, the geometries of N-allylmethylamine (AMA), which is an allylic amine of 

astrochemical and atmospheric interest, are discussed. The results of this chapter will constitute 

the basis for the investigation of the AMA–water complex in Chapter 9. As the previous chapters 

have focused on interactions in O and S containing compounds such as the S…H–O and O…H–O 

hydrogen bonds, studying interactions between AMA and water will provide important 

information on N…H–O for comparison. Although the study of the monomer is essential to 

understand the spectrum of its monohydrated complex, this chapter provides interesting results 

regarding the effects ruling the geometries of the monomer species. AMA shows a surprisingly 

competitive equilibrium whose conformational preferences are governed by a subtle balance 

between attractive and repulsive interactions. The rotational spectrum was shown to be relatively 

dense containing lines from four different conformers. Below, the geometries, dynamics and 

stereoelectronic effects present in AMA are considered in detail. 

  

 
5
The content of this chapter is an adapted version of the article published in ChemPhysChem under the 

citation: Silva, W. G. D. P.; Poonia, T.; van Wijngaarden, J. Targeting the Rich Conformational Landscape 

of N-allylmethylamine Using Rotational Spectroscopy and Quantum Mechanical Calculations, 

ChemPhysChem 2020, 21, 2515–2522. Copyrights © 2020 Wiley-VCH GmbH. 
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8.1 Abstract 

 

The highly variable conformational landscape of N-allylmethylamine (AMA) was 

investigated using Fourier transform microwave spectroscopy aided by high-level theoretical 

calculations to understand the energy relationship governing the interconversion between nine 

stable conformers. Spectroscopically, transitions belonging to four low energy conformers were 

identified and their hyperfine patterns owing to the 14N quadrupolar nucleus were unambiguously 

resolved. The rotational spectrum of the global minimum geometry, conformer I, shows an 

additional splitting associated with a tunneling motion through an energy barrier interconnecting 

its enantiomeric forms. A two-step tunneling trajectory is proposed by finding transition state 

structures corresponding to the allyl torsion and NH inversion. Natural bond orbital and 

non-covalent interaction analyses reveal that an interplay between steric and hyperconjugative 

effects rules the conformational preferences of AMA.   

 

8.2 Introduction 

 

Amines are ubiquitous in nature. In biological media, for instance, the amino group is a 

key component in peptides, neurotransmitters and nucleosides, while in the atmosphere and 

interstellar medium (ISM), amino containing molecules are known participants in the chemistry 

of aerosols and evolution of stars, respectively.1,2 In astrochemistry, amines are of great interest as 

potential precursors for the formation of amino acids and peptides under astrophysical 

conditions.3,4 Prebiotic aminoacetonitrile (H2NCH2CN)5 and methylamine (CH3NH2)6,7, for 

example, are suggested to play a role in the formation of the simplest amino acid glycine.3,4 
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Although amino acids and peptides are well-known in biological environments, none have been 

unequivocally detected in the ISM making the hunt for a connection which links biology and 

astronomy an open scientific pursuit of significant importance. The careful study of additional 

nitrogen containing molecules that may lead to direct astronomical detections, or to laboratory 

synthesis of potential astrochemical targets, is therefore central to advance our understanding of 

the chemistry of the ISM. 

Previous gas phase pyrolysis reports using allyl containing precursors, such as 

N-allylmethylamine (AMA, H2C=CH–CH2–NH–CH3) and its oxygen and sulfur counterparts,8,9 

have shown that the thermal decomposition of this class of compounds led to the formation of 

species of astrochemical and atmospheric interest. In the case of AMA,8 the main kinetically 

favored products at temperatures of 602–694K are propylene (CH2CHCH3)10 and methanimine 

(CH2NH)11 which are known prebiotic molecules found in the TMC-1 and Sagittarius B2 

molecular clouds, respectively.2,8 This suggests that AMA is a good candidate to form novel 

molecular species which can then be characterized by rotational spectroscopy under laboratory 

conditions. Before understanding the products and processes in which AMA participates, a 

complete characterization of its conformational landscape, spectroscopic fingerprints and internal 

motions is compulsory. 

Allyl derivatives of the type H2C=CH–CH2–X tend to show a diverse conformational 

behavior which arises from internal rotations around its two single bonds.12–14 Depending on the 

nature of the X substituent, a variety of effects, including steric hindrance, London dispersive 

forces and hydrogen bonding, can rule their conformational preferences. One example is the many 

theoretical14 and experimental15–19 investigations required to partially understand the relative 

energy ordering of the four observed conformers of allylamine (H2C=CH–CH2–NH2). For AMA, 
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a previous low-resolution rotational spectroscopic study20 at dry-ice temperature identified one 

rotamer which was attributed to the global minimum. This geometry was assumed to be at least 

3.0 kJ mol-1 more stable than any other conformer due to an intramolecular hydrogen bond between 

the allyl and amino groups. At that time, no quantum mechanical calculations were performed to 

verify this and, due to experimental limitations, the hyperfine structure owing to the 14N 

quadrupolar nucleus and internal motions were not resolved. 

Herein, we investigate the rich conformational space of AMA using modern Fourier 

transform microwave (FTMW) spectroscopy aided by density functional theory (DFT) and ab 

initio quantum mechanical calculations. Transitions from four unique conformations were 

observed in the rotational spectrum and their characteristic hyperfine splittings due to the 14N 

quadrupolar nucleus were assigned. To understand the effects governing the conformational 

preferences, natural bond orbital (NBO)21 and non-covalent interaction (NCI)22 analyses were 

invoked. The results define the underlying factors that govern the conformational stability of AMA 

which will guide spectroscopic investigations in other regions of the electromagnetic spectrum. 

 

8.3 Methods 

 

8.3.1 Experimental Methods 

 

A commercially available sample of N-allylmethylamine (96% purity) was purchased from 

Alfa Aesar Canada and used without further purification. Given that the sample is a liquid at room 

temperature with a relatively low boiling point (61–62oC), a gas mixture containing 1.0% of the 

title compound in neon (100 kPa) was prepared at room temperature and expanded into the high 
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vacuum chamber of the spectrometers using a pulsed nozzle (1 mm diameter orifice) to create a 

supersonic jet. The rotational spectrum of AMA was collected using a chirped pulse and a 

cavity-based Balle-Flygare type Fourier transform microwave spectrometer, which were described 

in detail previously.23,24 Initially, the broadband CP-FTMW spectrum was recorded from 8–18 

GHz in segments of 2 GHz from which the most intense rotational transitions due to different 

conformers of AMA were identified. Later, to collect transitions at higher frequencies and to 

resolve the hyperfine structure due to the 14N quadrupolar nucleus, final frequency measurements 

were performed using the BF-FTMW instrument from 8–22 GHz which provides higher resolution 

and sensitivity. Rotational transitions recorded using the cavity-based spectrometer normally have 

line widths of ~7 kHz (FWHM) when the free induction decay is recorded for 400 μs allowing the 

uncertainty in the line positions to be determined to within ±  2 kHz. Due to the collinear 

arrangement of the molecular beam and the resonator axis in the BF-FTMW spectrometer, all 

rotational transitions collected using this instrument show a doublet splitting due to the Doppler 

effect.  

 

8.3.2 Computational Methods 

 

To identify the conformers of AMA, we initially performed a conformational search at the 

GFN2-xTB25 level of theory using the Conformer-Rotamer Ensemble Sampling Tool (CREST) 

available in the extended tight binding (xTB) program package.26,27 The conformational search 

identified 17 possible geometries of AMA. In the meantime, a three-dimensional potential energy 

surface was obtained by scanning the δ (C1=C2–C3–N) and θ (C2–C3–N–C4) dihedral angles 

simultaneously in 36 steps of 10º for each at the B3LYP28-D3(BJ)29,30/cc-pVTZ31 level. During 
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the scan calculations, all other geometric parameters were allowed to relax. The resulting PES, 

shown in Figure 8.1, yielded nine unique energy minima. All of the 17 and nine geometries 

obtained from the aforementioned approaches were then fully optimized at higher levels of theory 

using the density-functional theory B3LYP28-D3(BJ)29,30 and double-hybrid B2PLYP32-

D3(BJ)29,30 functionals along with the ab initio MP233 method. All optimizations were performed 

using Dunning’s aug-cc-pVTZ basis sets.31 Harmonic frequency calculations were also carried out 

to verify the nature of the stationary points. In the end, these calculations resulted in a total of nine 

true minima for AMA whose relative energies lie within an energy window of 10 kJ mol-1.  

Several relaxed potential energy curves were subsequently computed using both DFT and 

MP2 methods by varying the geometric coordinates of interest in steps of 10º to model possible 

interconversion and tunnelling pathways between minima. As needed, transition state structures 

were optimized and confirmed by the presence of a single imaginary frequency. All scan, 

optimization and harmonic frequency calculations were computed using the Gaussian 16 

program.34 The effects governing the conformational preferences of the observed conformers were 

subsequently evaluated using natural bond orbital21 and non-covalent interaction22 analyses carried 

out with the NBO 7.035 and NCIPLOT36 programs, respectively. 

 

8.4 Results  

 

8.4.1 Conformational Searches 

 

The conformational landscape of AMA was computationally explored using a joint 

approach involving molecular dynamics and high-level quantum mechanical calculations. A 
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conformational search using the molecular dynamics GFN2-xTB method led to 17 possible 

geometries while the construction of a potential energy surface (PES) obtained at the B3LYP-

D3(BJ)/cc-pVTZ level (Figure 8.1) located nine energy minima. The diversity of conformers 

found by both methods arise from internal rotations about the δ (C1=C2–C3–N) and θ (C2–C3–

N–C4) dihedral angles (Figure 8.1). All possible minima were subjected to optimization and 

harmonic frequency calculations at the B3LYP-D3(BJ), B2PLYP-D3(BJ) and MP2 levels with the 

aug-cc-pVTZ basis set.  

The results from the three levels of quantum chemical theory converge to yield nine unique 

energy minima—their geometries are similar to the ones located in the PES—whose natures are 

confirmed by the absence of imaginary frequencies. This is consistent with the hypothetical 

geometries from the assumption that the total number of unique conformers is 3n (32= 9) with being 

n the number of dihedral angles which lead to different conformations. Pictorial representations of 

the nine optimized geometries of AMA are shown in Figure 8.1 while their Cartesian coordinates 

are provided in Appendix E. Relative electronic energies with zero-point energy (ZPE) corrections 

and spectroscopic parameters for the nine stable conformers of AMA obtained at the B2PLYP-

D3(BJ) and MP2 methods are given in Table 8.1, whereas the results from B3LYP-D3(BJ) are 

provided in Table S65 for comparison. The conformers are labeled using Roman numerals from 

I–IX which represent their order of stability in MP2 being I the most stable conformer. Overall, 

although the conformational energy ordering and predicted spectroscopic constants from the three 

different levels of theory are consistent with each other, the rotational constants from B2PLYP-

D3(BJ) presented a better match with the experimentally determined values (Table S66). 
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Figure 8.1 Potential energy surface (B3LYP-D3(BJ)/cc-pVTZ) and nine optimized conformers of 

AMA (B2PLYP-D3(BJ)/aug-cc-pVTZ) which arise through rotations around its δ and θ dihedral 

angles.
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Table 8.1 Calculated energies with zero-point (ZPE) corrections in kJ mol-1, populations at 298K in %, electric dipole moment 

components in Debye and rotational constants in MHz for the nine conformers of AMA obtained using the B2PLYP-D3(BJ) and MP2 

methods with the aug-cc-pVTZ basis set. 

 

Conformer 
B2PLYP-D3(BJ) MP2 

∆EZPE P A/B/C |µa|/ |µb|/ |µc| ∆EZPE P A/B/C |µa|/ |µb|/ |µc|  

I 0.0 34.2 20135/2243/2213 0.1/0.6/0.6 0.0 30.3 19637/2263/2237 0.1/0.8/0.6 

II 1.1 21.8 10203/3061/2651 0.4/0.1/0.9 0.4 26.0 10008/3137/2695 0.3/0.0/1.0 

III 2.0 15.5 14730/2703/2368 0.5/0.5/0.7 1.9 14.3 14636/2730/2386 0.5/0.6/0.8 

IV 3.1 9.9 9612/3174/2700 0.5/0.3/0.7 2.5 11.0 9466/3247/2741 0.6/0.4/0.7 

V 4.2 6.3 8842/3539/2937 0.8/0.8/0.4 3.3 7.9 8748/3613/2989 0.8/0.8/0.5 

VI 5.0 4.5 13446/2637/2452 0.3/0.8/0.2 5.4 3.5 13089/2685/2492 0.4/0.9/0.2 

VII 5.8 3.2 8654/3573/2916 0.5/0.4/0.2 5.6 3.2 8562/3648/2965 0.6/0.4/0.2 

VIII 5.6 3.6 20847/2230/2177 0.4/0.1/1.0 5.7 3.0 20516/2246/2196 0.4/0.1/1.0 

IX 9.2 0.8 13916/2627/2413 0.6/0.4/0.9 9.2 0.7 13388/2689/2463 0.6/0.3/1.0 



 
 

 
 

178 

8.4.2 Spectral Analysis 

 

According to the high-level quantum mechanical calculations in this work (Table 8.1), 

apart from the global minimum (conformer I), AMA has another four low-energy conformers (II–

V) with ∆EZPE < 5.0 kJ mol-1 which possess non-zero electric dipole components and thus, should 

be observable by FTMW spectroscopy in a supersonic jet. The predicted rotational constants (A, 

B, and C) for each conformer are sufficiently unique so as to allow their unambiguous 

identification. 

Transitions due to conformer I were readily identified in the broadband chirped pulse (CP) 

FTMW spectrum. Those were predominantly b- and c-type Q-branch transitions, lying in the upper 

limit of our CP-FTMW instrument around 17–18 GHz. Despite the small magnitude of the µa 

dipole (0.1 D), we were able to detect a few a-type rotational transitions for conformer I. Although 

the transitions due to conformer I dominated the spectrum, three additional sets of rotational 

transitions were observed in the survey spectrum (Figure 8.2A). The observed patterns were 

consistent with conformers II, III and V based on the supporting quantum chemical predictions. 

All assigned transitions were confirmed through measurements of their characteristic 14N 

hyperfine structure using the Balle-Flygare (BF) FTMW instrument. Based on careful 

measurements using the cavity-based instrument and considering the calculated dipole moment 

components for each identified conformer, we estimate the experimental abundances of 

conformers I, II, III and V to be approximately 40%, 36%, 22% and 2%, respectively. This is a 

rough estimate as transitions with comparable quantum numbers for each conformer lie more than 

2 GHz apart. 
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Interestingly, additional splittings were detected for some transitions with higher J 

rotational quantum number for conformer I. The splitting pattern (~1:1 ratio) is consistent with a 

tunneling motion associated with interconversion between two equivalent forms of I (I+ and I-) 

which would require internal motions of both the allyl and amino groups (Figure 8.3). A sample 

of the cavity-based spectrum, showing the F’–F = 3–2 14N hyperfine component and the tunneling 

splitting for the 211–202 transition of conformer I, is provided in Figure 8.2B. For conformer III, 

although the |µc| component is calculated to be greater than the |µa| and |µb| components (Table 8.1), 

no c-type transitions were observed. This is likely caused by an inversion motion of the NH group 

that is symmetric along the c-axis perpendicular to the heavy atom backbone of AMA in Figure 

8.1 which averages µc to zero if the ground state of III is above the barrier to this motion. A similar 

case has been reported in previous rotational spectroscopic studies of other amino containing 

compounds, such as 3-aminophenol.37 Despite a careful search, transitions due to other conformers 

of AMA were not detected. 

All measured rotational transitions were fitted with Pickett’s SPFIT program38 using 

Watson’s A-reduced Hamiltonian in the Ir representation to yield experimental rotational, quartic 

centrifugal distortion and 14N quadrupole coupling constants. The determined spectroscopic 

parameters for each conformer are provided in Table 8.2, while the complete line lists including 

individual hyperfine components and residuals are given as supplementary data (Tables S68–S71). 

The two tunneling states were fitted independently and are labeled in Table 8.2 as I+ and I-. 
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Figure 8.2 A) Sample of the broadband CP-FTMW spectrum (1.5 million FIDs) showing rotational 

transitions belonging to the parent species of conformers I, II, III and V. B) BF-FTMW spectrum 

(200 cycles) of the 211–202 transition (F’–F = 3–2 hyperfine component) of conformer I 

highlighting the tunneling splitting. 
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Table 8.2 Experimental spectroscopic parameters for the four observed conformers of AMA 

Parameter I+ I- II III V 

A/MHza 19998.1762(21) 19998.2173(20) 10173.23585(46) 14539.2746(48) 8773.1220(25) 

B/MHz 2235.73639(58) 2235.73865(58)   3050.66194(22) 2699.7120(10) 3533.8400(17) 

C/MHz 2203.14081(59) 2203.14302(58) 2641.63405(16) 2362.97445(96) 2932.5425(15) 

∆J/kHzb [0.63140769]   [0.63140769]   3.2139(80) 0.593(30) 3.337(50) 

∆JK/kHz -23.31(14) -23.68(15) -25.240(71)  -2.90(42) -11.49(40)   

∆K/kHz [433.87203] [433.87203] [87.552397] [36.947153] [23.483135] 

δJ/kHz [-0.090601327] [-0.090601327] 0.9530(53) [0.100861] 0.942(75)   

δK/kHz [40.889685] [40.889685] [5.0103483] [1.20664] [4.0555968] 

1.5 (χaa)/MHzc 4.3037(52) 4.3045(55) 3.7874(14) 3.707(11) 1.4243(82) 

0.25 (χbb- χcc)/MHz -0.4038(24) -0.3995(25) 1.87302(44)   0.7150(60) 0.2337(27) 

μa/μb/μcd y/y/y y/y/y y/y/y y/y/n y/y/n 

Ne 111 

6.4 

60 27 21 

σ/kHzf 1.4 5.8 3.2 
aRotational constants; bquartic centrifugal distortion constants; c14N nuclear quadrupole coupling constants; delectric 
dipole moment components (“y” if observed and “n” if not observed); etotal number of lines (N) in the fit; froot-mean-
square deviation of the fit (σ). Values in brackets were fixed to the calculated values at B2PLYP-D3(BJ)/aug-cc-
pVTZ. The full set of calculated constants are provided in Table S66. In table S67, the % deviation between the 
experimental and calculated rotational and 14N quadrupole coupling constants for the three different levels of theory 
are provided. 

 

8.5 Discussion 

 

The conformational analysis of AMA by high-level quantum mechanical calculations and 

modern FTMW spectroscopy reveals a rich and competitive conformational behaviour for this 

seemingly simple molecule. From nine stable conformers (∆EZPE < 10 kJ mol-1, Table 8.1) 

predicted at 298K, four (I, II, III and V, Figure 8.1) were observed in the supersonic jet expansion. 

The previous assertion that conformer I is at least 3.0 kJ mol-1 more stable than any other rotamer 

of AMA20 is inaccurate as supported by the observation of transitions from the four conformers 

whose intensities are consistent with the calculated dipole moments and relative energies from 

both DFT and ab initio calculations—I (0.0 kJ mol-1), II (~1.0 kJ mol-1), III (2.0 kJ mol-1) and V 
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(~3.0–4.0 kJ mol-1) in this work. As mentioned above, no transitions for conformers IV, VI, VII, 

VIII and IX were identified in the rotational spectrum. There are two common explanations 

invoked39 to justify the absence of stable conformers in a molecular beam experiment: (1) the 

higher energy conformers are not abundant in the sample from the start and/or (2) they experience 

facile relaxation to lower energy forms through collisions with the carrier gas during the expansion. 

At room temperature, conformers with relative energies higher than 5.0 kJ mol-1 (VI, VII, 

VIII and IX) are expected to be less than 6.0% populated based on the Boltzmann formula and, 

coupled with the dipole moment components in Table 8.1, are unlikely to be observed in the 

supersonic jet even if they are metastable. Nevertheless, to better characterize the conformational 

space of AMA, we considered relaxation pathways connecting the various conformers at both 

B2PLYP-D3(BJ)/aug-cc-pVTZ and MP2/aug-cc-pVTZ levels as shown in Figure 8.4. These are 

in essence cross sections of the full three-dimensional PES displayed in Figure 8.1. Considering 

the estimated energy barrier heights (Figure 8.4), relaxation from VIII→I (~4.0–5.0 kJ mol-1) and 

IX→II (~3.0 kJ mol-1) is possible, while all the other conformers should be metastable as they 

correspond to deeper pockets on the PES. The non-observation of transitions of conformer IV is 

somewhat surprising based on its low relative energy (~2.5–3.1 kJ mol-1) and electric dipole 

moment components (Table 8.1). Even though the calculations indicate that IV is metastable, there 

is still a possibility of conformational cooling from IV to II given their geometric similarities 

(Figure 8.1). The conformational relaxations of the above-mentioned higher energy conformers 

into I and II are supported by their enriched conformational abundances of 40% and 36%, 

respectively, observed in the supersonic jet.  

Interconversion pathways also provide useful insight into the tunnelling splitting observed 

for conformer I. The intensity ratio (Figure 8.2B) of the two components is consistent with 
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tunnelling between two equivalent forms of I (I+ and I-, Figure 8.3) which requires motion of both 

the allyl and amino groups in the same direction. A possible tunneling trajectory, modeled in a 

sequential two-step fashion, is proposed in Figure 8.3. By starting with the amino inversion 

followed by the allyl torsion, or vice-versa, the lowest energy tunneling path requires passing 

through two transition states (TS). These are connected by an intermediate energy minimum 

structure (conformer VIII) in which the allyl group and the amino hydrogen point out of the 

molecular plane in opposite directions to each other. In the TS for the allyl torsion, the terminal 

double bond and the amino hydrogen are arranged in a way that minimizes steric repulsions, while 

in the TS for the amino inversion, these groups are spatially closer. This results in a lower barrier 

height for the allyl torsion compared to the NH inversion (Figure 8.3). Previous studies of related 

compounds, for example, have shown that a pathway involving changes in two geometric 

coordinates of a molecule can occur not only via two steps but also in a concerted way as proposed 

for the amine azetidine.40,41 For conformer I, a concerted route would involve a planar TS geometry 

with Cs symmetry which is an unlikely pathway given the high estimated barrier of ~70.0 kJ mol-

1 from B2PLYP-D3/aug-cc-pVTZ. 
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Figure 8.3 Possible two-step tunneling pathway for the interconversion between the equivalent 

forms of I obtained at the B2PLYP-D3(BJ)/aug-cc-pVTZ level of theory. 
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Figure 8.4 Possible relaxation pathways interconnecting specific conformers of AMA obtained 

theoretically using the MP2 and B2PLYP-D3(BJ) methods with the aug-cc-pVTZ basis set. 
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To identify possible non-covalent interactions that influence the conformer energy ordering 

of AMA, we used natural bond orbital and non-covalent interaction analyses. The results suggest 

a complex interplay of competing effects that stabilize and destabilize the individual conformers. 

The NCI analysis (Figure 8.5), for example, does not show any attractive or repulsive contacts in 

conformers I, V and VIII, but reveals weak CH…π attractive interactions in II, IV, VI and IX, 

CH…N in III and NH…π in VII. These contacts are seen by the blue-green regions on the isosurfaces 

between the atoms involved in the interaction. It is worth noting that each of these contacts is 

accompanied by destabilizing repulsive effects (reddish part in the isosurfaces) of similar 

magnitude. Most importantly, the global minimum geometry is not stabilized by CH…π 

interactions suggesting that intramolecular hydrogen bonding is not the dominant factor governing 

the conformational behaviour of AMA as previously thought.20  
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Figure 8.5 NCI isosurfaces (s= 0.05, colour scale of -0.02 < ρ < 0.02 au for the SCF densities) for 

the nine stable conformers of AMA. 

 

NBO calculations (Table 8.3) also confirm the absence of a NH…π hydrogen bond in I, but 

do reveal that the arrangement of the allyl group and the amino hydrogen favors electron transfer 
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from the lone-pair on nitrogen nN into the antibonding π* and σ* orbitals of the C=C and C–C 

bonds, respectively. In fact, charge-transfer interactions involving the lone-pair at nitrogen and the 

vicinal methylene and methyl groups are observed for all nine conformers (Table 8.3). The 

magnitudes of the interactions vary depending on the geometric relationship between the lone-pair 

and the CH2 and CH3 moieties. The central role of hyperconjugation in stabilizing conformer I is 

apparent when comparing its interaction perturbation energies with those of conformer VIII which 

has a similar geometry but lacks both nN→π*C=C and nN→σ*C–C interactions due to the opposite 

disposition of the allyl and amino groups. The energy difference of ~5.0–6.0 kJ mol-1 between I 

and VIII is analogous to the sum of the second-order perturbation energies for the nN→π*C=C and 

nN→σ*C–C hyperconjugative interactions (~5.5 kJ mol-1) observed in I. Although in other 

conformers the hyperconjugative interactions present similar or even larger values (Table 8.3), 

their geometries are also more destabilized by repulsive contacts as visualized from the NCI 

isosurfaces which makes them slightly less stable than I. The multifaceted conformational 

preferences of AMA can therefore be rationalized in terms of a delicate balance of destabilization 

due to steric effects and stabilization from hyperconjugative interactions. 
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Table 8.3 Charge-transfer interactions involving the lone-pair (nN) at nitrogen exhibited by the 

nine conformers of AMA obtained at the B3LYP-D3(BJ)/aug-cc-pVTZ level. The second-order 

perturbation energies are given in kJ mol-1. 

Interaction I II III IV V VI VII VIII IX 
nN→π*C1-C2 2.4 2.7 0.0 5.8 0.0 6.1 0.0 0.0 0.0 
nN→σ*C2-C3 3.2 8.5 3.5 32.4 12.6 31.8 38.0 0.0 8.2 

          
nN→σ*C3-H 8.6 32.6 8.2 6.7 30.6 9.7 11.5 11.0 30.1 
nN→σ*C3-H’ 32.7 2.3 33.6 7.5 0.0 4.5 4.5 30.7 0.0 

          
nN→σ*C4-H 32.2 4.2 32.6 4.5 4.4 5.1 3.9 4.2 3.3 
nN→σ*C4-H’ 4.3 9.5 4.2 9.1 9.6 8.5 10.5 10.0 11.1 
nN→σ*C4-H” 9.7 31.8 9.9 33.6 31.5 34.7 35.1 32.0 31.8 

 

8.6 Conclusions 

 

A detailed conformational study of AMA was completed using Fourier transform 

microwave spectroscopy and high-level quantum mechanical calculations. Rotational transitions 

for four stable conformers (I, II, III and V) were observed whose patterns agree with predictions 

from both DFT and ab initio calculations and show the characteristic hyperfine structure due to 

the 14N quadrupolar nucleus. A two-step pathway is presented as the most energetically favourable 

route for the interconversion between the two equivalent forms of I (I+ and I-) to justify the 

observed tunneling splitting. The stable geometries of AMA are not governed by an isolated effect, 

but are rather the consequence of a tight competition between destabilizing steric effects and 

stabilizing hyperconjugative interactions as supported by the NCI and NBO calculations. This is 

the driving force behind the rich conformational landscape of AMA. The experimental and 

theoretical results presented here lay a critical foundation for further investigations of AMA and 

its decomposition products of atmospheric and astrochemical interest. 
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Chapter 9. Exploring the Non-Covalent Interactions Behind 

the Formation of Amine–Water Complexes: The Case of the 

N-Allylmethylamine Monohydrate6 
 

Following the conformational study of AMA in Chapter 8, the geometries of the AMA–

water complex are reported in this chapter in an effort to model the microsolvation of this 

prototypical secondary amine. Apart from observing transitions belonging to the four reported 

conformers of AMA, lines due to two geometries of AMA–w were detected in the rotational 

spectrum. The assigned conformers were shown to be stabilized by two intermolecular interactions 

consisting of a dominant N…H–O and a secondary C–H…O hydrogen bond in which water acts as 

both hydrogen bond donor and acceptor. Although water does not change the geometry of the 

AMA conformers significantly, it affects their relative energy orderings with the effects being 

more pronounced for higher energy conformations. By investigating a series of monohydrated 

primary, secondary and tertiary amines using quantum chemical methods, the nature behind the 

formation of these complexes were investigated in detail. AMA–water is shown to be the most 

strongly bound complex within the studied series. 

  

 
6The content of this chapter is an adapted version of the article published in Physical Chemistry Chemical 
Physics under the citation: Silva, W. G. D. P.; Poonia, T.; van Wijngaarden, J. Exploring the Non-Covalent 
Interactions Behind the Formation of Amine–Water Complexes: The Case of the N-allylmethylamine 
Monohydrate, Phys. Chem. Chem. Phys. 2021, 23, 7368–7375. Copyrights © the Owner Societies 2021. 
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9.1 Abstract 

 

The conformational landscape of the monohydrated complex of N-allylmethylamine (AMA–w) 

was investigated for the first time using rotational spectroscopy from 8–20 GHz and quantum 

chemistry calculations. From a total of nine possible energy minima within 10 kJ mol-1, transitions 

for the two most stable conformers of AMA–w were detected and assigned aided by DFT and ab 

initio MP2 predictions. The observed rotational transitions displayed characteristic hyperfine 

splittings due to the presence of the 14N quadrupolar nucleus. Quantum theory of atoms in 

molecules (QTAIM), non-covalent interaction (NCI) and natural bond orbital (NBO) analyses 

showed that the observed conformers of AMA–w are stabilized by two intermolecular interactions 

consisting of a dominant N…H–O and a secondary C–H…O hydrogen bond (HB) in which the 

water molecule acts simultaneously as a HB donor and acceptor. The HBs formed with water do 

not change the relative energy ordering of the most stable conformers of AMA but do affect the 

stability of higher energy conformations by disrupting the intramolecular forces responsible for 

their geometries. By comparing the intermolecular interaction energies with those of the 

monohydrates of the simplest primary (methylamine, MA), secondary (dimethylamine, DMA) and 

tertiary (trimethylamine, TMA) amines using symmetry-adapted perturbation theory (SAPT) 

calculations, we find that AMA forms the strongest bound complex with water. This is rationalized 

through the identification of subtle differences in stabilizing and destabilizing contributions across 

the amine–w series of complexes. 
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9.2 Introduction 

 

A comprehensive understanding of the non-covalent interactions governing the stability of 

hydrates is of great interest because of the ubiquitous nature of water. Molecular aggregates formed 

between water and amines, for example, play a crucial role in biology—being essential to the 

existence of life—and in the chemistry of the atmosphere where amines are involved in key 

processes such as aerosol nucleation.1 The undeniable importance of these clusters has motivated 

both theoretical and spectroscopic studies2–8 of the hydrogen bonding networks between the amino 

group and water which have largely focused on water microsolvation of small N-containing 

molecules such as ammonia (ammonia–w),2,3 methylamine (MA–w),5 dimethylamine (DMA–w)4–

6 and trimethylamine (TMA–w).7,8 These reports have shown that the interaction between the water 

molecule and the amino group occurs via an intermolecular N…H–O hydrogen bond (HB) in which 

the water typically acts as the HB donor while the N serves as a HB acceptor. The strength of the 

binding interactions increases with the number of methyl substituents around the N atom following 

a general stability trend of TMA–w > DMA–w > MA–w > ammonia–w. 

Chen et al9 evaluated the impact of two larger alkyl substituents on the HB parameters of 

primary amine–w complexes by studying n-propylamine–water (PA–w) and isopropylamine–

water (IPA–w) using computational chemistry and rotational spectroscopy. It was found that the 

larger side chains of PA and IPA in comparison to that of MA and ethylamine do not have a 

significant impact on the interaction energies of the monohydrates.9 These findings provide useful 

information to understand binding involving larger alkyl primary amines such as those present in 

biological environments. Investigation of the monohydrates of secondary and tertiary amines is 

essential to the development of a systematic understanding of the influence of diverse side chains 
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on the formation of amine–w clusters. This enhanced knowledge promises to shed light on the 

fundamental processes driving the chemistry of amines in aqueous environments.  

N-allylmethylamine (CH2=CH–CH2–NH–CH3, AMA) is an amine of astrochemical and 

atmospheric relevance.10,11 A recent microwave spectroscopic study10 reported transitions 

belonging to four conformers in the rotational spectrum of AMA whose stabilities have been 

rationalized by a complex interplay between steric and attractive interactions. The examination of 

the AMA–w complex is a crucial first step to understanding the changes in its conformational 

behaviour in the presence of water and to elucidate the effect of the allyl group on the 

intermolecular interaction. In comparison to the simplest secondary amine DMA, the presence of 

the vinyl substituent in AMA may alter the electron density around N through intramolecular 

interaction and offers an additional potential binding site for the water molecule which would 

directly impact the interaction energy of the AMA–w complex. 

In this study, we investigated the conformational behaviour of AMA–w for the first time 

using a combination of rotational spectroscopy and high-level quantum chemical calculations. 

Transitions arising from two unique conformers of the complex were observed in the rotational 

spectrum and their assignments were confirmed by the presence of a hyperfine splitting related to 

the quadrupolar 14N nucleus. To understand the nature of the intra- and intermolecular interactions 

that govern the observed conformers, we used quantum theory of atoms in molecules (QTAIM),12 

non-covalent interaction (NCI)13 and natural bond orbital (NBO)14 analyses. The interaction 

energies were decomposed into four components (electrostatic, dispersion, induction and exchange 

or Pauli repulsion) using symmetry-adapted perturbation theory (SAPT)15 calculations and the 

results compared with those derived in this work for the water dimer, ammonia–w, MA–w, DMA–

w and TMA–w.  



 
 

 
 

199 

 

9.3 Methods 

 

9.3.1 Experimental Methods 

 

AMA (96%, bp: 334–335 K) is commercially available from Alfa Aesar and was used 

without further purification. To produce the monohydrated complex, a gas mixture containing ~1% 

of AMA in neon (100 kPa) was prepared at room temperature and subsequently bubbled through 

a reservoir containing water. The mixture (AMA + water) was then delivered to the high vacuum 

(P ≈ 10-7 kPa) chamber of the instruments via a supersonic jet expansion through a pulsed nozzle 

(1 mm diameter). Rotational spectra of the complex were collected using a chirped-pulse (CP) and 

a Balle-Flygare (BF) Fourier transform microwave (FTMW) spectrometer which have been 

described in detail previously.16,17 Initial measurements were performed using the CP-FTMW 

instrument to record a broadband spectrum from 8–18 GHz in segments of 2 GHz each. On the 

basis of the survey spectra, the most intense rotational transitions belonging to the different 

conformers of the AMA–w complex were identified. These transitions showed partially resolved 

hyperfine splittings due to the presence of the 14N quadrupolar nucleus. Final frequency 

measurements were performed using the BF-FTMW spectrometer (8–20 GHz) which features 

higher resolution and sensitivity. This allowed the hyperfine structure to be better resolved and the 

less intense spectral features to be recorded. Transitions collected with the BF-FTMW instrument 

have linewidths (FWHM) of ~7 kHz while the uncertainty in the line positions is ±2 kHz. In the 

BF-FTMW setup, all transitions are split into two Doppler components due to the coaxial 

arrangement of the molecular beam and the resonator axis.  
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9.3.2 Computational Methods 

 

To identify possible conformers of AMA–w, a molecular dynamics approach was used at 

the GFN2-xTB18 level of theory using the Conformer-Rotamer Ensemble Sampling Tool (CREST) 

available in the extended tight binding (xTB) program package.19,20 This initial search led to 56 

possible geometries for AMA–w. All 56 structures were optimized using the dispersion-corrected 

density functional theory (DFT) B3LYP21-D3(BJ)22,23 functional with Dunning’s aug-cc-pVTZ24 

basis set. The B3LYP-D3(BJ)/aug-cc-pVTZ calculations led to 25 unique minima as some of the 

initial structures converged to the same energy minimum. Next, the optimized geometries from 

B3LYP-D3(BJ) whose relative energies were within 10 kJ mol-1 were re-optimized at higher levels 

of theory including the double hybrid B2PLYP25 method with D3(BJ)22,23 dispersion corrections 

(referred to as B2PLYP-D3 hereafter) and the ab initio MP226 methods both combined with the 

aug-cc-pVTZ basis set. It is worth noting that conformers with relative energies larger than 10 kJ 

mol-1 are not expected to be sufficiently populated for observation using our spectroscopic 

methods. Vibrational frequency calculations within the harmonic approximation were performed 

for all optimized geometries at the same levels of theory to validate the nature of the stationary 

points, to compute energies with zero-point corrections (ZPE) and to estimate quartic centrifugal 

distortion constants. The Boys and Bernardi’s counterpoise method27 was included in all 

optimization and frequency calculations to account for basis set superposition (BSSE) error. The 

optimization and frequency calculations were performed using the Gaussian 16 program.28 

Non-covalent interaction (NCI),13 quantum theory of atoms in molecules (QTAIM)12 and 

natural bond orbital (NBO, B3LYP-D3(BJ)/aug-cc-pVTZ)14 analyses were performed to identify 

and quantify the intra- and intermolecular interactions responsible for the conformers of AMA–w 
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using the NCIPLOT,29 AIMALL30 and NBO 7 programs,31 respectively. The interaction energy 

between the water and AMA monomers for each observed conformer was further decomposed into 

physically meaningful terms (electrostatic, exchange or Pauli repulsion, induction and dispersion) 

using the symmetry-adapted perturbation theory (SAPT)15 energy decomposition analysis (EDA). 

For comparison, we also performed EDA for related amine–w complexes and compare the results 

with those of the water dimer and ammonia–w. The SAPT calculations were done at the 

SAPT2+(3)δMP232/aug-cc-pVTZ level using the Psi4 code.33 Atomic charges were also computed 

using the Voronoi deformation density (VDD)34 method as implemented in the Multiwfn 

software.35 

 

9.4 Results  

 

9.4.1 Potential Energy Surface 

 

For the AMA monomer itself, a total of nine energy minima were reported10 on the 

potential energy surface and were labeled using a Roman numeral from I–IX which describes their 

decreasing order of stability with I being the most stable geometry. Experimentally, rotational 

transitions for the four low energy conformers (ΔEZPE < 2.1 kJ mol-1) I, II, III and V were observed 

in a supersonic jet expansion and their populations were estimated to be 40%, 36%, 22% and 2%, 

respectively. Since the interaction with a water molecule may induce changes in the relative energy 

ordering of the monomer geometries upon complexation, all conformers of AMA must be 

considered when searching for the energy minima of the AMA–w complex. This is done 

automatically during the initial steps of the conformational searches in the CREST procedure 
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through the iMTD-GC algorithm which considers all possible orientations of the monomer 

geometries and binding sites for the water molecule. After the conformational searches, 

optimizations at higher levels of theory led to nine conformers for AMA–w, depicted in Figure 

9.1, whose relative energies are within 10 kJ mol-1. Although higher energy conformers exist, only 

those below 10 kJ mol-1 are expected to be sufficiently populated for detection by FTMW 

spectroscopy in a supersonic jet. The atomic coordinates for each of the nine conformers are 

provided in Tables S72–S80 of Appendix F. Their calculated energetic and spectroscopic 

parameters from both the B2PLYP-D3 and MP2 methods are given in Table 9.1. The geometries 

of the monohydrated complexes were named using the acronym AMA followed by a first Roman 

numeral which represents the monomer geometry, the letter “w” for water and a second Roman 

numeral to denote the order of stability of the complex with AMA-I-w-I being the most stable 

conformer. Overall, the calculated relative energy orderings, rotational constants (A, B and C), 

quadrupole coupling constants [1.5χaa and 0.25 (χbb- χcc)] and electric dipole moment components 

(μa, μb, μc) for the conformers of AMA–w from the B2PLYP-D3 and MP2 methods are consistent 

with each other. 



 
 

 
 

203 

 

 

Figure 9.1 Nine conformers of the AMA–w complex identified within an energy window of 10 kJ 

mol-1 using quantum chemical calculations (B2PLYP-D3/aug-cc-pVTZ).
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Table 9.1 Calculated relative energies with zero-point corrections (ZPE) ΔE0 in kJ mol-1, population P at 298K in %, rotational (A, B 

and C) and 14N quadrupole coupling [1.5 (χaa) and 0.25 (χbb- χcc)] constants in MHz, and electric dipole moment components (μa, μb and 

μc) in Debye for the nine most stable conformers of the AMA–w complex obtained at the B2PLYP-D3 and MP2 levels with the 

aug-cc-pVTZ basis set. 

 

Conformer 
 B2PLYP-D3  MP2 

 ΔE0 P298K A/B/C 1.5 (χaa)/0.25 (χbb- 
χcc) 

μa/μb/μc  ΔE0 P298K A/B/C 1.5 (χaa)/0.25 (χbb- 
χcc) 

μa/μb/μc 

AMA-I-w-I  0.0 41.3 3441/1984/1345 1.84/-1.40 0.1/2.5/1.3  0.0 39.4 3504/1998/1365 1.70/-1.26 0.0/2.4/1.3 
AMA-II-w-II  1.7 20.9 3255/2134/1568 -0.80/-0.83 0.2/2.9/0.7  1.2 23.8 3260/2167/1594 -1.16/-0.73 0.3/2.9/0.8 

AMA-III-w-III  2.5 14.9 3197/2290/1511 3.71/-1.70 2.0/2.6/0.2  2.5 14.2 3298/2277/1559 3.60/-1.64 1.9/2.4/0.3 
AMA-IV-w-IV  4.1 8.0 5336/1474/1292 -6.11/0.03 1.7/2.0/1.5  3.7 8.7 5223/1519/1347 -5.87/0.00 1.6/1.9/1.5 
AMA-VIII-w-

V  5.0 5.4 3361/2105/1400 4.21/-1.79 1.4/2.7/1.0  5.0 5.2 3458/2128/1427 3.99/-1.60 1.1/2.4/1.1 

AMA-VI-w-VI  6.1 3.6 4979/1484/1213 -5.18/-0.22 1.8/1.9/1.5  6.5 2.8 5226/1488/1237 -4.80/-0.19 1.8/1.6/1.6 
AMA-V-w-VII  6.9 2.5 3288/2232/1656 0.56/-1.30 2.5/1.3/1.3  6.7 2.7 3433/2196/1655 0.83/-1.26 2.2/1.3/1.3 
AMA-VII-w-

VIII  7.0 2.4 5643/1543/1308 -7.12/0.10 2.0/1.5/1.0  6.9 2.4 5806/1569/1330 -6.60/0.14 1.9/1.4/1.1 

AMA-IX-w-IX  9.3 1.0 2919/2375/1528 4.11/-1.70 1.3/3.2/0.2  9.6 0.8 2937/2416/1554 3.88/-1.67 1.4/3.3/0.2 
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9.4.2 Spectral Analysis 

 

The broadband CP-FTMW spectrum of the AMA and water mixture is very dense 

including lines from the four conformers (I, II, III and V) of the monomer reported previously.10 

Once these known transitions were excluded, two sets of R-branch b-type transitions were rapidly 

identified. This suggested the formation of two new species in the supersonic jet with sizeable μb 

dipole components. By comparing the experimental rotational constants with the predicted values 

for each individual conformer (Table 9.1), the patterns were assigned to the parent species of the 

two most stable conformers predicted for the complex, AMA-I-w-I and AMA-II-w-II. The initial 

assignments were confirmed using the BF-FTMW instrument which allowed the 14N hyperfine 

structure to be better resolved. No extra tunneling splittings due to methyl internal rotation or N–

H inversion within AMA (as seen for the monomer)10 or to the movement of the water subunit 

were observed. A portion of the CP-FTMW spectrum of AMA–w is given in Figure 9.2 while the 

BF-FTMW spectrum for the 616-505 transition of AMA-I-w-I highlighting 14N hyperfine 

components is provided in Figure 9.3.  

The final fitting of all measured transitions was carried out with Pickett’s SPFIT program36 

using Watson’s S-reduced Hamiltonian37 (Ir representation) to obtain accurate rotational, quartic 

centrifugal distortion and quadrupole coupling constants. A summary of the resulting values is 

given in Table 9.2. The consistency with the theoretical predictions in Table 9.1 confirms the 

assignment of conformers AMA-I-w-I and AMA-II-w-II. The complete line lists of measured 

transitions and residuals are provided in Tables S81–S82. No transitions belonging to other AMA–

w species were detected which may be a consequence of insufficient population or relaxation to 

lower energy forms. 
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Figure 9.2 Section of the CP-FTMW spectrum (1.5 million FIDs). The upper trace (maroon) 

represents the experimental spectrum while the lower traces (in colour) show simulations of the 

spectra of the known conformers of AMA and AMA–w. The intensity of the simulated transitions 

is based on calculated electric dipole moment components and populations. 
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Figure 9.3 BF-FTMW spectrum for the 616–505 rotational transition of conformer AMA-I-w-I 

highlighting two 14N hyperfine components. 
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Table 9.2 Experimentally derived spectroscopic parameters for the two observed conformers of 

the AMA–w complex. 

Parameter AMA-I-w-I AMA-II-w-II 

A/MHza 3442.84817(33)  3260.33627(73) 

B/MHz 1959.50815(24)  2082.50939(77) 

C/MHz 1330.95365(11)  1542.36365(25) 

DJ/kHzb    2.6641(44)      3.423(12)   

DJK/kHz   -3.171(20)      -4.470(65)   

DK/kHz   29.706(35)      12.879(78)   

d1/kHz   -1.3021(31)     -1.059(12)   

d2/kHz   -0.2410(21)     -0.041(11)   

1.5 (χaa)/MHzc    1.6642(37)     -0.9239(67)  

0.25 (χbb- χcc)/MHz   -1.31271(70)    -0.7976(11)  

μa/μb/μcd n/y/y n/y/n 

Ne 82 36 

σ/kHzf 2.1 2.1 

aRotational constants; bquartic centrifugal distortion constants; c14N nuclear quadrupole coupling 

constants; delectric dipole moment components (“y” if observed and “n” if not observed); etotal 

number of lines (N) in the fit; froot-mean-square deviation of the fit (σ). The full set of calculated 

constants at both B2PLYP-D3 and MP2 methods are provided in Table S83. 

 

9.5 Discussion 

 

All nine AMA–w conformers, identified by the B2PLYP-D3 and MP2 calculations, are 

stabilized by a primary N…H–O intermolecular HB in which the nitrogen atom serves as a HB 

acceptor while the water molecule acts as a HB donor (Figure 9.1). This is consistent with the 

greater nucleophilic character of nitrogen compared to that of oxygen. The favoured HB acceptor 

role of nitrogen has also been highlighted in previous studies dealing with the monohydrated 

complexes of primary, secondary and tertiary amines such as MA–w,5 DMA–w,4–6 TMA–w,4,5,7 
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PA–w and IPA–w.9 Depending on the geometry adopted by the AMA monomer, the water 

molecule can simultaneously act as a HB acceptor as in conformers AMA-I-w-I and AMA-II-w-

II where a secondary C–H…O HB is established between the vinylic hydrogen and the oxygen 

atom of water. The nature and strength of the intermolecular interactions occurring in the 

conformers of AMA–w will be discussed in detail below.  

The relative energy ordering for the four most stable geometries of AMA–w follows the 

same trend observed in the isolated amine.10 Significant changes are observed, however, in the 

stability ordering of higher energy conformers following complexation. This is exemplified, for 

example, by the stabilization of the eighth most stable conformer of the AMA monomer to form 

the fifth most stable hydrate (AMA-VIII-w-V) and by the destabilization of the AMA monomer V 

to form AMA-V-w-VII. In this sense, interactions with water disrupt the conformational 

equilibrium of AMA to some extent with the effects being most pronounced for AMA species 

lying ~5 kJ mol-1 or more above the global minimum. The detection of AMA-I-w-I and AMA-II-

w-II confirms that the intramolecular interactions responsible for the low energy conformers I 

(40%) and II (36%) of AMA remain important in the presence of water while higher energy dimers 

were not produced in sufficient quantities to be detected despite their sizeable dipole moments 

(Table 9.1).  

To understand why conformers AMA-I-w-I and AMA-II-w-II are the two most stable 

complexes, one must explore the intrinsic nature of the interactions responsible for these 

geometries. As the calculated rotational constants from B2PLYP-D3/aug-cc-pVTZ for AMA-I-w-

I and AMA-II-w-II matched the experimental ground state values, it is reasonable to assume that 

the equilibrium structures at this level of theory provide a good description of these conformers. 

The HB parameters extracted from the equilibrium structures, namely the N…H–O and C–H…O 
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distances, are 1.89 Å and 2.76 Å, and 1.91 Å and 2.57 Å in conformers AMA-I-w-I and AMA-II-

w-II, respectively. This suggests that the strength of the N…H–O interaction is similar in AMA-I-

w-I and AMA-II-w-II (slightly shorter N…H–O distance in AMA-I-w-I) while the secondary C–

H…O interaction is more favoured in AMA-II-w-II based on the shorter HB. To further 

characterize the underlying effects leading to such subtle differences, we used the three well-

known QTAIM, NCI and NBO approaches. 

The QTAIM molecular plots and associated parameters for the nine conformers of AMA–

w are given in Figure 9.4 and Table S84, respectively. These show that all conformers exhibit a 

primary N…H–O HB as evidenced by the presence of a bond critical point (BCP, green dot) along 

the interaction path between the nitrogen and hydrogen atoms. In addition, AMA-I-w-I, AMA-II-

w-II and AMA-V-w-VII display a secondary C–H…O HB. Using the electronic potential energy 

at the BCP, VBCP, the strength of each HB can be obtained by EHB = 0.5VBCP.38 The energies of the 

primary N…H–O and secondary C–H…O HBs in the different conformers vary from -37 to -39 kJ 

mol-1 and from -4 to -6 kJ mol-1, respectively. When focusing on the QTAIM graphs of the two 

observed conformers (Figure 9.5A), the primary contact is indeed stronger in AMA-I-w-I than in 

AMA-II-w-II (by ~1.2 kJ mol-1) while the reverse is true for the secondary interaction (~1.1 kJ 

mol-1 stronger in AMA-II-w-II) in agreement with the aforementioned HB distances. Nevertheless, 

the overall contribution from these intermolecular HBs to the stabilization of the two lowest energy 

conformers seem to cancel each other implying that their relative energy difference is not solely 

dependent on the strength of the intermolecular contacts but also on stabilizing and destabilizing 

intramolecular effects within the monomers themselves.  
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Figure 9.4 QTAIM molecular graphs for the nine most stable conformers of AMA–w. 
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Figure 9.5 A) QTAIM molecular graphs containing the energies (in kJ mol-1) for the N…H–O and 

C–H…O HB and B) NCI isosurfaces (s=0.5 and colour scale BGR: 0.02 < ρ < +0.02) for the two 

observed conformers of the AMA–w complex. 
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While the QTAIM approach is useful to characterize short to medium range HBs, NCI 

calculations can identify weaker interactions.39 The NCI results, shown in Figure 9.6 for all 

conformers and in Figure 9.5B for AMA-I-w-I and AMA-II-w-II, confirm the strong N…H–O HB 

(blue coloured surfaces in the interacting regions) in all conformers and a weaker C–H…O HB 

(green coloured isosurfaces) in AMA-I-w-I, AMA-II-w-II and AMA-V-w-VII. The NCI outcomes 

also identify weaker secondary C–H…O contacts in AMA-III-w-III and AMA-VIII-w-V which 

were not captured by the QTAIM method. The intramolecular forces are similar to those first 

identified in the isolated molecule10 in most of the conformers of AMA–w (specifically in the four 

lowest energy ones), lending support to the notion that these internal interactions are the primary 

influencers of the relative energy ordering of the most stable hydrates. Interestingly, complexation 

with water alters the nature of the intramolecular contacts in the higher energy forms of AMA and 

disrupts their stability ordering in agreement with the DFT and MP2 calculations. A noteworthy 

example arises from the comparison of the previously reported NCI plot of AMA conformer V 

(ref 10) with the one of its monohydrate AMA-V-w-VII (Figure 9.6, this work). Although the 

monomer geometry within the complex is largely maintained, the HBs established with water in 

AMA-V-w-VII leads to the formation of a 7-membered ring (involving atoms from the amino and 

allyl groups) resulting in the appearance of attractive and repulsive isosurfaces (absent in the 

isolated AMA conformer V). It is evident from the relative energy of the complex, that the 

combination of these effects leads to overall destabilization within the AMA V partner itself as the 

strength of the intermolecular contacts (Table S84, QTAIM) with water are actually greater than 

in some of the other hydrates. In contrast, the formation of a longer-range C–H…O HB in AMA-

VIII-w-V does not lead to new destabilizing intramolecular interactions within conformer VIII 

(Figure 9.6) but suggests that this weak secondary contact (not captured by QTAIM) is sufficient 
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to bind the water molecule preferentially to monomer geometry VIII over others (namely V, VI, 

VII) based on the relative energies in Table 9.1. These two examples highlight the disruptive role 

that water can play through complex subtle effects that ultimately rule the conformational 

landscape of the AMA–w. 
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Figure 9.6 NCI isosurfaces (s=0.5 and colour scale BGR: 0.02 < ρ < +0.02) for the nine most stable 

conformers of AMA–w. 
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The results from the topological QTAIM and NCI analyses for the observed conformers 

are inline with NBO calculations in which charge transfer between electron donor (lone-pair) and 

acceptor (σ*) orbitals corresponding to these interactions is found to contribute to their second-

order perturbation energies E(2). A summary of the NBO results for conformers AMA-I-w-I and 

AMA-II-w-II is given in Table 9.3. 

 

Table 9.3 Second-order perturbation energies, E(2), for the nN→σ*O–H and nO→σ*C–H charge 

transfer interactions in the two most stable conformers of AMA–w obtained with the NBO 

calculations at the B3LYP-D3(BJ)/aug-cc-pVTZ level of theory. 

Conformer Charge transfer E(2) (kJ mol-1) 

AMA-I-w-I nN→σ*O–H 55.5 

 nO→σ*C–H 0.8 

AMA-II-w-II nN→σ*O–H 55.9 

 nO→σ*C–H 1.3 

 

Once the individual intra- and intermolecular interactions were identified, to understand 

the physical origins behind the formation of the AMA–w complex, the interaction energies (Etotal) 

were decomposed using the SAPT analysis at the SAPT2+(3)δMP2/aug-cc-pVTZ level of theory 

as summarized in Table 9.4. The SAPT results confirm the slightly greater stability of AMA-I-w-

I (larger negative Etotal value) over AMA-II-w-II. For both, the largest stabilizing contribution is 

the electrostatic term which is related to favourable Coulombic interactions occurring between the 

negative charges around the nitrogen (-0.137 in AMA-I-w-I and -0.134 in AMA-II-w-II) and 

oxygen atoms (-0.307 in AMA-I-w-I and -0.306 in AMA-II-w-II) with the positive atomic charges 

surrounding the hydrogens (+0.096 and +0.047 in AMA-I-w-I and +0.092 and +0.051 in AMA-II-

w-II) involved in the N…H–O and C–H…O HB, respectively. The induction and dispersion terms 
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further stabilize the AMA–w complex but their contributions are approximately three times 

smaller than the electrostatic one. The difference in the Etotal between AMA-I-w-I and AMA-II-w-

II arises from the destabilizing Pauli repulsion term (exchange) which is smaller in AMA-I-w-I. 

Finally, to evaluate the impact of different substituents on the interaction energies of 

amine–w complexes, we compared the SAPT results from AMA–w with those of other amine 

monohydrates and with the ammonia–w adduct and the water dimer (Table 9.4). It is apparent that 

even the simplest ammonia–w complex has an interaction energy Etotal that is ~1.3 times stronger 

than the water dimer suggesting that in water rich environments, such as the Earth’s atmosphere, 

a water molecule binds preferentially to ammonia over self-aggregation. When the hydrogen atoms 

of ammonia are substituted by methyl groups in a stepwise fashion from MA to TMA, a gradual 

increase in the stability (smaller Etotal) of the complexes is observed with TMA–w being the most 

stable of this family. It is interesting to note that while AMA is a secondary amine like DMA, the 

Etotal for conformer AMA-I-w-I is 1.6 kJ mol-1 stronger than in DMA–w and also more stable by 

1.4 kJ mol-1 than the tertiary amine complex TMA–w. The greater stability of AMA–w in 

comparison with DMA-w is mainly caused by a slight increase in the contributions from dispersion 

(Table 9.4) which is likely from the secondary long-range C–H…O HB established with the vinyl 

group in AMA–w. On the other hand, the surprisingly larger stability of AMA–w compared to 

TMA–w is not governed by the stabilizing contributors but rather by the Pauli repulsion term. 

While the sum of the three stabilizing terms is -107.4 kJ mol-1 in TMA–w and -105.8 kJ mol-1 in 

AMA–w, TMA–w is 3.0 kJ mol-1 more destabilized by Pauli repulsion (Table 9.4) by comparison. 

These subtle differences observed in the stabilizing and destabilizing effects within the clusters in 

Table 9.4 reinforce the importance of evaluating the impact of different side chains on the 

formation of amine–w complexes. A comprehensive conformational study of the homologous 
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series of complexes including, for example, allylamine–water and dimethylallylamine–water 

would provide interesting insights in this regard. 

 

Table 9.4 Symmetry-adapted perturbation theory (SAPT) results, in kJ mol-1, 

(SAPT2+(3)δMP2/aug-cc-pVTZ) for the two observed conformers of AMA–w and related 

complexes. 

Complex Etotal Eelectrostatic Eexchange Einduction Edispersion 

AMA-I-w-I -34.3 -60.5 71.5 -23.0 -22.3 

AMA-II-w-II -33.6 -60.6 72.3 -22.9 -22.4 

TMA–w -32.9 -61.0 74.5 -24.9 -21.5 

DMA–w -32.7 -59.6 70.2 -23.5 -19.7 

MA–w -31.0 -56.3 64.0 -21.5 -17.2 

ammonia–wa -27.2 -49.1 53.0 -17.5 -13.6 

water dimera -20.8 -34.7 35.2 -11.0 -10.3 

aFrom reference 40. 

 

9.6 Conclusions 

 

The conformational landscape and the intermolecular interactions stabilizing the 

monohydrated complexes of AMA were revealed in this work for the first time using rotational 

spectroscopy. Aided by DFT and ab initio MP2 predictions, transitions for the two most stable 

conformers (AMA-I-w-I and AMA-II-w-II) were unequivocally assigned and their hyperfine 

splittings owing to the 14N quadrupolar nucleus were resolved. In the observed complexes, the 

water molecule interacts with AMA as both a HB donor and acceptor forming primary N…H–O 

and a secondary C–H…O HBs on the order of -37 to -39 kJ mol-1 and -4 to -6 kJ mol-1, respectively. 
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While the formation of HBs with water are not sufficient to overcome the internal forces governing 

the conformational landscape of the most stable monomers, they certainly affect the intramolecular 

interactions responsible for the energy ordering of higher energy conformations. Based on the 

energy components identified via SAPT analysis, the nature of the complex formation is mainly 

electrostatic with smaller contributions from induction and dispersion. By comparing the results 

for AMA–w with those from the water dimer, ammonia–w, MA–w, DMA–w and TMA–w 

clusters, we show that AMA is more readily hydrated. Relative to other primary and secondary 

amines, the presence of the vinyl group in AMA favours the formation of secondary contacts such 

as the C–H…O HB and thus tunes the overall interaction energy. For the tertiary case of TMA–w, 

the fewer substituents at N in AMA offer less stabilizing effects in comparison but the reduced 

exchange term in AMA–w yields greater stability overall. In closing, this study highlights the need 

for enhanced understanding of the unique influences that govern the interactions between amines 

and water on a microscopic scale including the number and identity of the organic sidechains and 

lays groundwork for modelling their chemistry in atmospheric and biological processes.  
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Chapter 10. Summary and Outlook 

 

10.1 Summary 

 

In this thesis, the non-covalent interactions governing the conformational landscape of 

selected molecular systems were successfully unveiled using high-level quantum chemical 

methods and Fourier transform microwave spectroscopy. The combination of the broadband 

chirped-pulse for initial surveys and the cavity-based Balle-Flygare FTMW to collect transitions 

with higher resolution and sensitivity was shown important for conformational analysis studies. 

Probing these systems in a collision-free environment by their rotational fingerprints allowed 

insights on molecular geometries, e.g. the determination of accurate spectroscopic parameters, and 

non-covalent interactions responsible for the conformational preferences to be obtained. These 

novel experimental data serve as the basis for the development and improvement of theoretical 

models about the forces that held molecules together. As molecular design is at the core of 

chemistry and as there is not always time and resources for trial-and-error benchtop experiments, 

chemical modelling and intuition, built on fundamental concepts like those presented in this thesis, 

have become crucial to advancements in many areas of chemistry including supramolecular 

catalysis, assembly, and recognition. 

At first, by studying the conformers of 3-mercaptopropionic acid (MPA, Chapter 4) and 

methyl 3-mercaptopropionate (MP, Chapter 5), we learned that although weaker than its oxygen 

counterpart, the biologically relevant S–H…O=C interaction is the effect responsible for the greater 

stability of the global minimum geometry of both compounds as proven experimentally by their 

dominant patterns in the rotational spectrum. While no experimental structural information could 
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be extracted in Chapter 4 because of the low intensity of the MPA spectrum, in Chapter 5, the 

observation of transitions for the minor 13C and 34S isotopologues of MP allowed a ground state 

effective structure to be determined. This revealed that the S–H…O=C HB distance is about 2.5 Å 

while its oxygen counterpart is much shorter (2.1 Å). The bond length found for the S interaction 

in isolation is within the range of those involving the amino acid cysteine1 (2.5 Å to 2.9 Å) and 

offered confirmation of benchmark methods used for prediction of those interactions in proteins. 

For MP, the observation of splittings related to the methyl internal rotation enabled the 

determination of the barrier to this motion which was then compared to those of other esters in the 

literature. It was shown that although the aforementioned HB interaction is dominant, it does not 

significantly affect the rotation of the methyl group. 

In moving to the understanding of the intermolecular interactions occurring in the 

microsolvation of heterocycles, several important observations for the preferred binding site and 

internal dynamics of water were made. The four-membered rings trimethylene oxide (TMO) and 

sulfide (TMS), given in Chapter 6, are primarily bound to water through the site of the heteroatom 

that serves as a HB acceptor via X…H–O (X= O, S) HB. In contrast, the presence of a π-system in 

the heteroaromatic ring thiophene in Chapter 7 completely altered the binding preference of water 

in this S containing molecule. While the O heteroaromatic ring (furan)2 still interacts with water 

at the site of the heteroatom, which is also valid for the nitrogen analog3,4 (both based on previously 

reported results), thiophene has a strong preference for the π…H–O HB. As the binding between 

water and thiophene was weak, splittings related to internal motions of water were observed in the 

rotational spectrum. These large amplitude motions revealed how dynamic water is and how 

flexible its weakly bound complexes with partner molecules can be. 
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 In the last part of the thesis, the geometries of N-allylmethylamine (AMA) and of its 

monohydrated complex (AMA–w) were reported. Although the study of AMA (Chapter 8) was 

first necessary to facilitate the assignment of the lines from its monohydrated complex, the results 

of this study provided interesting information about the complex conformational landscape of a 

compound featuring the amine and allyl groups which are of astrochemical and atmospheric 

interest.5 While in the S containing monomers MPA and MP the S–H…O=C interaction is dominant 

making the global minimum geometry much lower in energy than the other conformers, in AMA, 

the absence of strong donor and acceptor groups results in a much more competitive equilibrium. 

This is highlighted by the four conformers of AMA observed experimentally and by their very 

close relative energies which are explained by a subtle balance between the attractive orbital and 

repulsive interactions. In the presence of a water molecule (Chapter 9), the two most stable 

conformers of AMA were favoured to form water complexes through primary N…H–O and 

secondary C–H…O interactions with the N atom serving as a HB acceptor while the C–H group 

acts as a HB donor. Although water did not alter the geometry of the AMA conformers 

significantly, changes in the relative energy and in the intramolecular interactions of some higher 

energy conformers of AMA were observed. Among a small family of primary, secondary and 

tertiary amines, AMA–w was shown to be the strongest bound complex. 

By decomposing the interaction energy of the intermolecular complexes studied in this 

thesis, the nature behind the formation of each cluster was revealed. For all hydrogen bound 

complexes, the interaction was proven to be mainly electrostatic and stronger for the O and N 

containing complexes due to the larger donor characters of these atoms in comparison to those of 

S, Se and of the π-system. It is evident, however, that the complexes featuring interactions with 

the latter showed larger contributions from dispersion to the stabilization energies which are 
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mainly explained by the weaker and longer-range character of these interactions and the common 

presence of additional secondary contacts. The increase in the percentage of dispersion varied from 

about 10% – 20% depending on the chemical system. 

 

10.2 Outlook 

 

The work of this thesis can be further extended in several aspects including: 

 

i) The conformational landscape of the monomers can be investigated in other regions of the 

electromagnetic spectrum, especially in higher frequency regions, to probe transitions with 

higher rotational quantum number. As centrifugal distortion effects are greater at higher 

frequencies, higher order centrifugal distortion constants (e.g. sextic and beyond) can be 

determined which in turn allow rotational energy levels to be derived with greater accuracy. 

This provides even more precise information about the geometries governing the molecule’s 

potential energy surface. It may also allow the observation of transitions corresponding to 

vibrationally excited states that are also intimately related to the vibrational potential function 

offering details about the spacing between vibrational energy levels, the nature of vibrational 

modes, and effective molecular geometry in these excited levels. Additionally, conformational 

studies of the monomers in the absence of a supersonic jet (at room temperature) will provide 

extra information as at room temperature, relaxation phenomena may not occur, facilitating 

the observation of additional conformers in the rotational spectrum. 

As AMA is of astrochemical interest, its study in the millimeterwave and sub-

millimeterwave regions may be particularly interesting to support its astrochemical 
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observation as they overlap with the operating frequency of many ground-based radio 

telescopes. Discovery of novel molecular species in the remote environments of the interstellar 

medium constitutes the basis to improve our knowledge about chemical complexity in space 

which may be related to questions as profound as the origins of life in the Universe and is still 

an open scientific pursuit.6 

ii) Studies on similar compounds varying the type of substituents are of interest to evaluate 

the effect of different side chains on the conformational landscape. For example, taking the 

results reported for AMA and its surprisingly competitive equilibrium as a motivation, projects 

in the van Wijngaarden group have already started to investigate the effects of functional group 

substitution on the conformational landscape by studying analogues not only of diallyl 

compounds such as diallylamine,7 triallylamine, diallyl sulfide and diallyl ether, but also with 

propargyl and ethyl groups, such as dipropargyl amine, among others. The study of these 

molecules will not only provide sufficient data for observational astronomy as the amine, allyl 

and propargyl groups are particularly promising astrochemical targets, but will also offer 

details on the subtle attractive and repulsive forces governing the folding topologies of the 

bridged-like compounds by identifying their donor and acceptor groups in a chemically 

intuitive way. This is key to model their reactivity with partner molecules and self-assembly 

as for the disulfide bridges present in globular proteins, for example.8 

iii) The studies on the S compounds and their molecular complexes can be extended to 

elucidate the characteristics of other sulfur HBs, such as the S–H…O instead of S–H…O=C by 

replacing the acid and ester groups of MPA and MP by a hydroxyl (O–H) moiety and by 

investigating molecular aggregates formed with larger cycles such as 5- and 6-membered rings 

including tetrahydro and hexahydro thiophene. Comparison with their O and especially Se 
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counterparts (even if only theoretically) would also be of interest to extend the knowledge 

about the nature of the HBs when going from O to S and Se. As there is now general agreement 

about the importance of S and Se HBs,9 molecular studies need to keep evolving to provide 

insights on these non-covalent forces that are intimately linked to multifaceted applications. 

These include understanding of supramolecular architectures, interactions between a drug and 

a molecule and the biological structure–function relationship, among others, to thus will 

promote novel perspectives into reaction mechanisms and bio- and crystal engineering of S 

and Se containing compounds.9 

iv) The studies of the hydrates could also be extended to include larger solvation shells as 

knowledge about the first steps of solvation was now obtained. Investigating larger clusters at 

the molecular level is essential to understand the chemical properties of condensed phases 

which bridges the microscopic (isolation) and the macroscopic (bulk) world.10 Additionally, 

as spectroscopic, and geometric parameters for each complex can be determined via rotational 

spectroscopy (as shown throughout this thesis), information about changes in geometry in the 

presence of multiple molecules of the solvent can be achieved in a step-wise fashion. This is 

extremely relevant to rationalize the impact of external effects in shaping molecular geometries 

through alteration of their stabilizing interactions which is also essential for tuning molecular 

design principles. 

 

Extensions of the results presented in this thesis are not limited by the examples listed 

above. Studies combining high resolution spectroscopic experiments and theory such as those 

reported here are powerful methods to obtain insights on the fundamental chemical and physical 

properties of increasingly complicated molecules. The foundation established in this thesis forms 
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the basis for the further advances in our understanding of the critical role of non-covalent 

interactions in many fields of science. 
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